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Chapter 1  
 
Introduction  
 
1.1. Motivation  
There is a constant, mainly cost driven, demand for miniaturization in the 
manufacturing industry. Smaller devices will not only need less material to be 
produced, but will also run with lower energy costs and will be more economically 
efficient for worldwide distribution. In the meantime, the age of discovering new 
scientific effects based on intuition is rather gone. But, luckily for the scientists and 
engineers, nature still has many secrets to be revealed. Many of them are hidden in 
hardly accessible corners like the properties of matter in extreme conditions or at their 
boundaries. Surfaces and interfaces are famous for their richness in terms of physical 
or chemical processes and reactions hosted or influenced.  
There are several very common interfaces that are influencing our daily life without us 
even noticing. Solid-gas interfaces are clearly defining the quality and durability of 
many of the devices we are producing. Corrosion of metals and aging of plastics are 
surface effects we would like to prevent in almost all the cases. For this reason 
scientists and engineers try to find better and better solutions to reduce the reactivity 
of these surfaces in contact with the air from the atmosphere. There are also cases 
when they would like to do the opposite and to increase the reactivity of some 
surfaces. Catalysis is a good example of this. And the interest resides not only in 
increasing the activity of the catalysts, but also in fully understanding the mechanisms 
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behind the catalytic activity in order to improve the predictability and selectivity of 
new catalysts.  
Also solid-liquid interfaces are very common in nature. The abundance of minerals 
and the omnipresent water in contact with these minerals make the mineral-aqueous 
solutions interface to be of real interest not only for scientific and technological 
applications but also for environmental protection reasons. The mobility of many 
water soluble ions in nature is strongly correlated with the interaction of their solution 
with the mineral surfaces with which they are in contact. The interest is even higher 
when we talk about heavy (sometimes also radioactive) cations forming salts that are 
very soluble in water. Some of them, like cesium, are waste resulting from human 
activity; fission products form nuclear plants in this case. We would clearly like to 
know in detail all the mechanisms governing these reactions at solid-liquid interfaces 
in order to avoid large scale contaminations that can affect the water sources or other 
crucial components of life on Earth, like soil for example.  
For a better understanding of these reactions, structural characterization at the atomic 
level is often one of the first steps to be taken. Many of the surface science techniques 
are based on electron interaction with the surface/interface or are only probing the 
sample locally. In both these cases we are facing strong limitations because of either 
high vacuum conditions needed to perform the experiments1 (where we lose the 
natural and technologically interesting environment) or we have to explicitly extract 
the information from a huge amount of data in order to arrive at global information 
and observe general trends2. Surface X-ray diffraction3,4,5,6 is capable of characterizing 
buried interfaces at atmospheric pressure and automatically filters out the exceptions 
before giving global information regarding the atomic structure of the interface at a 
resolution that can reach 0.01 Å. One of the main requirements to perform surface X-
ray diffraction is the use of well-defined and atomically flat surfaces of single 
crystalline materials.  
Muscovite mica mineral exposes a large area of atomically flat surface7 that can be 
achieved by simple cleavage, which makes it convenient for use as model for the 
mineral-aqueous solution characterization using X-ray diffraction. Moreover, 
muscovite mica is extensively used as substrate for biological samples in microscopy 
experiments. If the size/thickness of the sample is big enough the influence of the 
substrate is negligible, but for relatively small samples, there might be a strong surface 
effect induced by the charged hydrophilic muscovite mica. Even after a simple 
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cleavage in air the surface of muscovite will rapidly adsorb water molecules that will 
form a thin layer at the surface of the mineral.  
Therefore, the main purpose of the present investigation is to determine, as accurate 
as possible, the structure of the solid-liquid interface formed by muscovite mica in 
contact with water or aqueous electrolyte solutions. As electrolyte solution rubidium 
bromide, potassium hydroxide and the chlorides of cesium, strontium and barium 
were dissolved in ultrapure water at different concentrations. These salts and solutions 
were chosen in order to evaluate the effect of the charge of these cations during the 
adsorption process. Different negative ions were also selected in order to try to 
elucidate their role (if any) in the surface structure and charge compensation process. 
Most previous studies of these interfaces are limited by the sensitivity along the 
surface normal direction in the case of X-ray reflectivity investigations and gave 
contradictory results8,9,10,11,12. This is not resolved by molecular dynamics simulations 
performed by different groups13,14. 
1.2. Minerals. Crystals  
According to the most common definition used by geologists, minerals are naturally 
occurring inorganic solids with a well-defined chemical composition and an ordered 
internal structure. Some minerals lack the ordered arrangement and are amorphous. 
There are more than 4000 types of minerals with different physical properties. Their 
composition and the bond strength of the internal structure are among the most 
important properties defining the minerals. A relevant example here is diamond and 
graphite: both consist of pure carbon, but diamond is the hardest natural mineral 
while graphite is one of the softest. 
   
Figure 1. Rock salt crystal grown in the Solid State Chemistry department of the Radboud 
University (left) and its crystalline structure (right) depicting the ordered arrangement of the 
ionic components: Na+ and Cl-.  
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One of the most common minerals for our everyday use is halite, also known as rock 
salt. It contains only sodium and chlorine and it can be found in almost any place on 
the Earth, formed after drying up of enclosed lakes and seas. An image of such a 
crystal grown in the lab and its periodical arrangement can be seen in Figure 1. 
Crystals are solid materials with well-defined periodicity of their atoms/ions or 
molecules forming a crystal lattice that extends in all directions.  
Most of the inorganic crystals are forming polycrystals, i.e. many microscopic crystals 
are grouped together into a single solid block. By volume and weight the highest 
concentration of crystals is the Earth’s solid bedrock. Some of the crystals are found 
in massive single crystal blocks. This is the case for high quality muscovite mica, the 
most common type of mica mineral.  
1.3. Surfaces and interfaces  
Surfaces science was facing a remarkable development during the second half of the 
20th century, when the new properties of matter due to its reduced size (towards 
nanometers scale) started to be exploited in industrial and scientific applications. 2D 
materials like thin films, over-layers, self-assembled monolayers etc., are the simplest 
nanosystems we can produce relatively easily nowadays. Surfaces are also good 
approximations of 2D materials, although sometimes they only play the role of the 
support for the nanosystems we are producing. For a good control and 
reproducibility, using clean surfaces is crucial. One of the easiest, fastest and cheapest 
way of producing clean surfaces is to cleave minerals. There are several types of 
cleavage according to the plane they are following and the crystal system. The basal or 
pinacoidal cleavage occurs parallel to the base of the crystal (the (001) plane in the 
crystal lattice). It is exhibited by the mica group and by graphite. Cubic cleavage 
occurs on the {001} planes, parallel to the faces of the cube for a crystal with cubic 
symmetry (halite=rock salt; galena). We can also have octahedral, dodecahedral, 
rhombohedral and prismatic cleavage.  
Surfaces and interfaces with specific properties are found also at the boundary of 
different states of matter. At these regions matter might be organized and behave 
differently from the normal behavior found on both sides of the interface. The 
transition from a well-defined solid towards a less organized liquid phase was also 
depicted by artists, more or less intentionally. The paintings of M.C. Escher (1898 - 
1972), depicted in Figure 2 are two very good examples in this sense. These interfaces 
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form in many cases as 2D structures, whether we are talking about solid-liquid, solid-
gas or liquid-gas interfaces. Additional types of interfaces are solid-solid, liquid-liquid 
or even solid-vacuum. These sharp interfaces or surfaces are, sometimes, extremely 
rich in physical and chemical phenomena. Catalysis is one of the most important 
industrial processes which still holds many secrets. Our environment is cleaner, thanks 
to catalysts that are turning the poisonous exhaust gases from cars into more 
environmental friendly compounds. It could be even better if we would manage to 
reduce the fuel consumption of cars and improved lubrication of solid-solid interfaces 
can be one of the ways of doing it.  
  
Figure 2. Two artistic views nicely evidencing the loss of the structuring at the solid liquid 
interface transition. Left: Sky and Water II. Right: Sky and Water I. Source: M.C. Escher works 
© 2015 The M.C. Escher Company - the Netherlands. All rights reserved. Used with 
permission15. 
Protecting metal surfaces from corrosion might be improved if extra knowledge on 
surface structure and on the interaction mechanisms with water would be achieved for 
these materials. The solid-liquid interface, for example, is responsible for many 
transport phenomena in nature, including toxic materials. Cesium is a nuclear waste 
product, heavy ion and is known to damage soft tissue. It was one of the most 
important radioactive waste products poisoning the soil and water after the 
Fukushima Daiichi Power Plant accident in Japan on 11th of March 2011. Intake by 
plants and animals is easy due to the high solubility in water of its salts.  
Of course our main goal is not to dramatize the effects of the human industrial and 
technological activity on the environment and public health, but rather to stress the 
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importance of gaining knowledge on how materials in general and surfaces/interfaces 
in particular are functioning in order to be able to design our activity in a more human 
and nature friendly way. And structural characterization is certainly one of the first 
steps in understanding much more complicated processes, reactions and effects.  
A last example where surface science will play an important role in the next decade, is 
the efficiency improvement of oil recovery. The wetting properties of oils in contact 
with minerals are the main target of scientists in order to be able to get more crude oil 
out of the oil fields. Enhanced oil recovery techniques might increase the amount of 
the oil extracted from a reservoir to more than 50% of the initial amount, a significant 
increase with respect to the 20-40 % that is recovered using classical methods. 
Muscovite mica is used as model surface for studying the interaction of the crude oil 
with minerals in order to increase the oil recovery performances16,17,18.  
1.4. Salts, aqueous electrolyte solutions  
Water is ubiquitous on Earth and has a key role in sustaining life on it. It is one of the 
most important solvents, often called the universal solvent. It has a very good ability to 
make electrostatic interactions with the solute molecules leading to a hydration 
process (when the water dissolves a solute). These properties are related to the 
structure of the water molecule forming an electrical dipole which allows it to make 
electrostatic interactions (see Figure 3). The water molecule is relatively small in size 
and can easily find its place while many other molecules cannot. In general, it dissolves 
compounds with fairly strong charges like ionic compounds or polar covalent 
molecules.  
 
Figure 3. The structure of the water molecule showing the interatomic distances and the angle 
between the two bonds that the oxygen atom is making with the hydrogen atoms.  
The most common example of salt dissolved in water is the dissociation of rock salt 
(NaCl). The process leads to a solution containing both ions of the salt in a hydrated 
form as shown in Figure 4. For convenience a hydration number of six was chosen, 
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but in reality there is still debate on the size and water content of the hydration shells 
in this case and also for other similar ionic species19,20,21. All the water from oceans 
and seas contains, among others, significant quantities of dissolved rock salt.  
  
Figure 4. The hydrated ions present in a rock salt (NaCl) aqueous solution. The different 
orientation of the water dipole according to the charge of the ion is shown.  
A good example of a water-soluble molecule (and also coming directly from our 
kitchen) is sugar. In this case the polar characteristic of both covalent molecules, water 
and sugar, is the important condition for the dissolving process to be allowed.  
The wetting properties of water are also important in natural processes. In the case of 
muscovite mica, a simple cleavage in air leads to the adsorption of a thin water film on 
its hydrophilic surface. Rainwater in contact with soluble salts of toxic materials (salts 
containing heavy or radioactive ions, for example) can lead to ecological disasters. In 
these cases, knowledge on the interaction with minerals that can be used as absorbers 
of the toxic ions might help limiting the damage.  
1.5. In this thesis  
This thesis is structured in five chapters. The first one is this introduction. The second 
chapter describes in more details the physical and chemical properties of muscovite 
mica, briefly introduces synchrotrons as large X-ray facilities, the beamline where the 
measurements were performed and the theory and main experimental details of 
surface X-ray diffraction. During this PhD project the recently available area detectors 
for surface X-ray diffraction studies were implemented at the ID03 beamline. Details 
of the script used for transforming the diffracted intensities into structure factors used 
for data analysis are given.  
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The following three chapters are showing the results of the state-of-the-art surface X-
ray diffraction measurements on single terminated muscovite mica (001) surface. The 
measurements include specular and non-specular crystal truncation rods and, thanks 
to the rapid data acquisition in the stationary geometry made possible by the area 
detectors, thousands of unique reflections are included in each of the six data sets 
presented.  
The third chapter describes the muscovite interface in contact with either 56 mM CsCl 
or 11 mM RbBr aqueous solution. The use of the heavy cations is a very useful way to 
enhance the surface sensitivity of the experiment by the strong contrast in terms of 
electron density they are giving with respect to the much lighter elements present in 
the bulk mica (K, Si, Al, O). Special attention was given to the negative counter ions 
and therefore the selection of two different anions (Cl- and Br-) was chosen. The 
effect induced by the size of the cation was also studied by using two different ones 
(Cs+ and Rb+). In both cases the cation forms an ordered layer at the interface with a 
coverage of 0.5 monolayer.  
Chapter four reports the structure of the muscovite mica surface in contact with water 
and in contact with 10-4 M KOH aqueous solution. The potassium content strongly 
depends on the amount of water wetting the mineral surface, or more exactly on the 
amount of the hydronium ions available for exchanging with the surface cations. 
Although deionized water was used, the hydronium may be produced by self-
ionization process of water or by the extended exposure to the hard X-ray radiation 
during the surface X-ray diffraction measurements. Therefore, the very low 
concentration of KOH solution was meant to assure a higher potassium monovalent 
ions concentration than the hydronium in the liquid phase of the interface. In both 
conditions, approximately 0.5 monolayer of K+ is found to be adsorbed at the 
muscovite surface.  
The fifth chapter involves the use of divalent ions instead of monovalent ones. For 
both electrolyte solutions the same type of salt was chosen (i.e. with chlorine). Surface 
X-ray diffraction measurements were performed for 10-2 M SrCl2 or BaCl2 aqueous 
solution in contact with the freshly cleaved muscovite mica. The double charge of the 
cations leads to half the coverage compared to the monovalent ions, thus 0.25 
monolayers.  
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Chapter 2  
 
Materials and methods  
 
2.1. Muscovite mica  
Mica is a group of phyllosilicate minerals that includes several minerals with almost 
perfect basal cleavage. All these minerals are monoclinic and have a similar chemical 
composition. The easy cleavage property of mica is explained by the hexagonal layered 
structure formed by its atoms. Micas are light, with density between 2.3 – 3.8 g/cm3, 
soft and are forming flexible sheets and flakes. They have high heat resistance and do 
not conduct electricity. From the 37 different mica minerals the most common are: 
muscovite, biotite, lepidolite, phlogopite, zinnwaldite and clintonite. The largest 
documented single crystal of mica (phlogopite) measuring 10 x 4.3 x 4.3 m3 was found 
in Lacey mine (Ontario, Canada). Similar sized crystals were found in Karelia region of 
Russia as well.  
In Figure 1 images of different mica are presented. It is important to notice how much 
the optical properties are varying by changing the cations present in the structure 
(given in the brackets after the name of the mineral).  
Muscovite mica, also known as common mica, isinglass or potash mica, has potassium 
ions forming its (001) basal cleavage plane. Its highly-perfect cleavage yields 
remarkably thin elastic sheets that can extend up to 5 x 3 m2 as have been found in 
Nellore (India).  
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Paragonite (sodium mica) 
 
Lepidolite (lithium mica) 
 
Phlogopite (magnesium mica) 
 
Biotite (black mica) 
Figure 1. Different types of mica group minerals 0F1 (images credit: R. Weller/Cochise College).  
  
Figure 2. Left: muscovite (pure potassium mica) mineral used for SXRD measurements. Right: 
window in Moscow State Historical Museum 1F2.  
In the left side of Figure 2 the image of the muscovite mineral used in the Solid State 
Chemistry department. The right side of the same figure shown the usage of 
muscovite as a glass substitute in the Moscow region of Russia, where the muscovite 
(or Muscovy Glass) name is also derived from. Its chemical formula is: 
KAl2(Si3Al)O10(OH)2. Its monoclinic crystalline lattice (C2/c space group), shown in 
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Figure 3, has the following cell parameters: a = 5.1906 Å, b = 9.008 Å, c = 20.047 Å 
and  = 95.757.  
 
 
 
Figure 3. The monoclinic crystal lattice of 
muscovite mica.  
 
The complex structure is formed by alternative silicon/aluminum oxide tetrahedrons 
that are sandwiching other Al oxide octahedrons as one can see in Figure 4. The 
potassium ions along the cleavage planes are also sandwiched by two ditrigonal 
cavities, one from the bottom part of the crystal and the second from its top part. A 
cleavage plane without the potassium ions is shown in Figure 5, illustrating the 
random distribution of the Al3+ replacing the Si4+ in the bulk structure of muscovite. 
This replacement is creating the (-1) negative charge that corresponds to each surface 
unit cell, i.e. to two ditrigonal cavities. Theoretically, each cavity has a mean charge of 
(-0.5), but because each replacement site is equally shared by three cavities, we might 
say that each cavity only sees a third of that charge. The random and uniform charge 
distribution is then giving two types of surface cavities as a function of their charge: 
half of them with (-1/3) charge and the other half having (-2/3) charge, depending on 
the number of replacements they have at their corners (1 or 2, respectively). Of course 
this description is only valid if we consider pure ionic interactions in between the 
elements present in the topmost surface tetrahedral blocks and fully localized charges.  
 
 
 
 
Figure 4. The structure of muscovite 
mica depicting the alternative 
tetrahedral and octahedral complexes 
and the potassium cleavage layers 
between them2F3.  
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It is not known if the model presented in Figure 5 is correct, because X-ray diffraction 
does not provide the local structure for the Al-Si distribution.  
 
 
 
Figure 5. The top view of the 
muscovite mica structure showing 
the charge distribution per cavity if 
a random Si/Al bulk exchange 
generating the negative charge is 
considered (at the yellow positions).  
The fractional coordinates of the atoms forming the structure used for data analysis 
are taken from N. Guven3F4 (ICSD database, code 34921) and are presented in Table 1 
(only the asymmetric unit cell). The total number of atoms in the unit cell is four times 
bigger and there are eight hydrogen atoms that we excluded from the structure due to 
their negligible scattering power in the X-ray regime.  
Table 1. The fractional coordinates of the atoms present in the muscovite mica reduced unit cell. 
Element x/a y/b z/c 
Al 0.2496 0.0834 0.9999 
K 0.0000 0.0985 0.2500 
O 0.2522 0.3705 0.1689 
O 0.4174 0.0930 0.1685 
O 0.2513 0.8110 0.1575 
Si/Al (75%/25%) 0.4648 0.9295 0.1355 
Si/Al (75%/25%) 0.4510 0.2584 0.1355 
O 0.4613 0.9435 0.0540 
O 0.3850 0.2519 0.0537 
O 0.4564 0.5630 0.0505 
The scientific and technological applications of muscovite mica are related to its 
physical and chemical properties. In industry and science, mica is used in sheets or 
powder form. The powder mica is used in wallboard gypsum, as pigment extender in 
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paint (prevents weathering, reduces water penetration, produce pearlescent luster), 
drilling mud (helps seals the porous sections of the drill hole), plastics (increases 
stiffness, stability and strength), cosmetics etc. Sheets of mica are mainly used in 
electronic devices for their stability when exposed to electricity, light, moisture and 
extreme temperature.  
2.2. Synchrotrons and X-rays  
Synchrotrons are extremely powerful light sources. Most of them are producing 
electromagnetic radiation in the X-ray regime, but also other types of radiation might 
be produced and used (infrared, ultraviolet etc.). The synchrotron light is produced 
when a charged particle is accelerated radially. As charged particle the electron is the 
most popular but positrons can also be used. These charged particles are accelerated 
to relativistic speeds. The devices inducing the radial acceleration are bending 
magnets, undulators and/or wigglers. Figure 6 shows the European Synchrotron 
Radiation Facility (ESRF) located in Grenoble, France, where all the surface X-ray 
diffraction measurements described in this thesis were performed.  
The main components of the a synchrotron facility are shown in Figure 7. In the first 
part (the linac), the electrons are produced by an electron gun, packed in bunches and 
accelerated to 200 MeV (in the case of ESRF). At this energy they are injected in the 
booster synchrotron, a 300 m long pre-accelerator where the electrons are accelerated 
to 6 GeV. The booster can inject in 50 milliseconds a bunch of 6 GeV electrons in the 
storage ring. The booster synchrotron only works a few times per day for a few 
minutes when the accelerated electrons are injected in the storage ring, where they are 
circulating for hours with speeds close to the speed of light. The pressure in the 844 m 
long tube making the storage ring is maintained at very low values (around 10-9 mbar). 
Along the storage ring, the electron bunches are passing different types of magnets 
where the X-rays are produced. When emitting the X-rays, the electrons are losing 
part of their energy, which is resupplied when they are passing RF cavities placed in 
between the magnets. The storage ring is built up of 32 straight and 32 curved 
sections in alternating order. Two large bending magnets in each curved section are 
changing the path of the electrons into a racetrack-shaped orbit. In the straight section 
there are focusing magnets that keep the electrons close to their ideal orbital path. In 
the straight section the intense X-ray beams are produced using the undulators. 
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Figure 6. European Synchrotron Radiation Facility 
(ESRF) located in Grenoble, France.  
 
 
Figure 7. Schematic with 
the main components of 
a synchrotron facility.  
The schematics of the undulator and of the bending magnet are presented in Figure 8. 
The undulators are built up of a complex array of small magnets and are forcing the 
electrons to follow a wavy trajectory. At each bend X-rays are emitted and the 
radiation from consecutive bends is overlapping and interfering generating a more 
brilliant beam than that generated by a single magnet. The photons emitted are 
concentrated at certain energies. The gap between the small magnets is changed in 
order to tune the wavelength of the X-rays in the beam.  
  
Figure 8. Schematic of the undulator (left) and of the bending magnet (right). 
The bending magnets are emitting a spray of radiation that covers a wide and 
continuous spectrum, from microwaves to hard X-rays. This radiation is less focused 
and less brilliant than the one produced by an insertion device.  
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2.3. ID03 surface diffraction beamline  
The ID03 beamline is equipped with 3 undulators that are giving a photon flux 
exceeding 1013 photons/s in the whole 5-24 keV energy range. The schematic of the 
main optical elements of the beamline is shown in Figure 9. For the surface X-ray 
diffraction experiments, the beamline is divided in three main hutches: the optics 
hutch and two experimental hutches (EH1 and EH2).  
The optics hutch provides monochromatic and focused X-ray beams to the 
experimental hutches. The first optical component of the beamline is a set of high-
power primary slits at 31.5 m from the source, followed by attenuators and a 
calorimeter vessel. At 34 m from the source we have the monolithic channel-cut 
Si(111) crystal monochromator cooled at liquid nitrogen temperature. Although the 
monochromator energy range goes from 3 to 50 keV, the beamline is optimized for 
the 5-24 keV energy range. The toroidal mirror placed at 35.5 m from the source has a 
sagittal radius of 32 mm and a controllable meridional radius ranging from 5 km to 16 
km. A second flat mirror, mounted on the same vacuum vessel and support, is putting 
the beam back to horizontal direction. Both mirrors are palladium coated and the K-
adsorption edge of palladium (24.35 keV) is the high energy cut-off of the beamline.  
 
 
 
Figure 9. The optical 
elements of ID03 
beamline at ESRF.  
At the entrance of each experimental hutch we have a Kirkpatrick-Baez (KB) mirrors 
system for optionally focusing the beam at the sample in the micron range.  
Each of the experimental hutches is equipped with a diffractometer. In the first hutch, 
there is a vertical z-axis diffractometer where liquid surfaces can also be measured, 
while in the second hutch there is a horizontal z-axis diffractometer, equipped with a 
vacuum sample environment.  
For both diffractometers, Maxipix area detectors can be used. They provide noise-free 
X-ray images, high dynamic range, small pixel size, high frame rate and high spatial 
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resolution. It is provided in different matrix sizes: 1x1, 2x2 or 5x1. The main 
characteristics as a function of matrix size are listed in Table 2. 
Table 2. The main characteristics of the Maxipix area detectors. 
 1 x 1 2 x 2 5 x 1 
Sensor matrix size (pixels2) 256 x 256 512 x 512  1280 x 256 
Detection area (mm2) 14 x 14 28 x 28 71 x 14 
Frame rate (Hz)  1400 350 280 
Readout dead time (ms)  0.29 0.29 0.29 
Maximum count rate (cps/pixel) 2 x 105 2 x 105 2 x 105 
Energy range (keV)  4 – 25 (500 m silicon sensor) 
2.4. Surface X-ray diffraction  
More than hundred years have passed since the first demonstration in 1912 of the X-
ray diffraction technique for determining a crystal4F5 structure. Nevertheless, it took 
almost seven more decades to have the first surface X-ray diffraction experiment5F6. For 
a detailed description of the method there are several publications available6F7,7F8,8F9,9F10. In 
the following pages we will shortly mention the most important details in terms of 
theory, data analysis and instrumentation.  
The X-rays are interacting weakly with matter. The positive side of this is that the 
single scattering approximation is adequate to analyze the data, which is relatively 
simple and cheap from computational point of view. Another advantage of the 
technique is that it works also at high pressure (technologically interesting 
environments) unlike many of the surface science methods. The combination of weak 
interaction of the X-rays with matter and the small amount of the atoms forming the 
surfaces with respect to the number of the bulk atoms explains the seven decades 
delay between the first bulk diffraction experiment and the first surface X-ray 
diffraction measurements: the need of a high brilliance X-ray source! The birth of the 
surface X-ray diffraction method is closely related to the development of the 
synchrotron radiation facilities, that can be 1010 brighter than a normal lab X-ray 
source.  
2.4.1. Principles of bulk diffraction  
A typical diffraction experiment means observing the intensity of an X-ray beam 
scattered elastically by the electrons of a crystal at a certain outgoing angle with respect 
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to the direction of the X-ray beam shone on the sample. The geometry of a typical X-
ray diffraction experiment is shown in Figure 10. The scattered beam (with 
wavevector kf) is measured in a specific direction (2) with respect to the incoming 
beam (with wavevector ki), using a detector.  
 
 
Figure 10. The geometry of a typical X-ray 
diffraction experiment.  
According to the single (kinematical) scattering theory, the scattered amplitude is the 
sum over all the individual contributions with the appropriate phase factor:  
𝐸 = 𝐸0  ∫ 𝜌(r)𝑒
𝑖 𝑄 rdr, 
with 𝐸0 containing all the pre-factors, 𝜌(r) the electron density, r the position and 𝑸 
the momentum transfer (𝑸 =  k𝑓 −  k𝑖). The diffracting crystal is made of a repetition 
of unit cells arranged in a lattice with vectors a, b, c. Following this, the scattered 
amplitude can be rewritten as:  
𝐸 = 𝐸0 ∑ 𝑒
𝑖𝑄 ∙ R𝑛
𝑎𝑙𝑙 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠
𝑛1,𝑛2,𝑛3
 ∙  ∫ 𝜌(r) ∙  𝑒𝑖𝑄 ∙ r dr,
 
𝑠𝑖𝑛𝑔𝑙𝑒 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
 
with 𝑅𝑛 =  𝑛1𝐚 + 𝑛2𝐛 + 𝑛3𝐜, a vector that indicated the position of unit cell 𝑛. The 
summation over the three directions of the bulk crystal is non-zero only when 𝑸 
equals a reciprocal lattice vector:   
𝐻 = ℎ ∙ 𝐚∗ + 𝑘 ∙ 𝐛∗ + 𝑙 ∙ 𝐜∗, 
with (ℎ𝑘𝑙) the diffraction indices and 𝐚∗, 𝐛∗ and 𝐜∗ the reciprocal lattice vectors.  
The direct space and reciprocal space lattice vectors are linked by the formula: 
𝐚𝑖  ∙  𝐚𝑗
∗ = 2𝜋 𝛿𝑖𝑗 , 
where 𝛿𝑖𝑗 is the Kronecker delta. The summation over all the unit cells can be 
rewritten as:  
∑ 𝑒𝑖 𝑄 R𝑛
𝑎𝑙𝑙 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠
𝑛1, 𝑛2,𝑛3
=  ∑ 𝑒2 𝜋 𝑖 (ℎ𝑛1+𝑘𝑛2+𝑙𝑛3)
𝑎𝑙𝑙 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠
𝑛1, 𝑛2,𝑛3
. 
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This means that the contributions of all unit cells are only in phase when the 
diffraction indices (ℎ𝑘𝑙) are all integer (diffraction only occurs for points in reciprocal 
space). Each point of reciprocal space corresponds to a reflection or bulk Bragg peak 
as shown in Figure 11.  
All the unit cells are identical by definition, so the total scattered amplitude is 
proportional to the amplitude from a single unit cell, which is called the structure 
factor and is calculated using the formula:  
𝐹ℎ𝑘𝑙
𝑢 =  ∫ 𝜌(r)𝑒𝑖𝑄∙rdr
 
 
=  ∑ 𝑓𝑗 𝑒
−𝑀𝑗𝑒𝑖𝑄∙r𝑗
𝑗
=  ∑ 𝑓𝑗 𝑒
−𝑀𝑗
𝑗
 𝑒2𝜋𝑖(ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗), 
where 𝑓𝑗 is the atomic scattering factor, 𝑒
−𝑀𝑗  is the Debye-Waller factor accounting 
for the thermal vibrations, r𝑗 =  𝑥𝑗𝐚 + 𝑦𝑗𝐛 + 𝑧𝑗𝐜 is the position of atom j and 𝑥𝑗 , 𝑦𝑗 , 𝑧𝑗 
are the fractional coordinates.  
During the diffraction experiment we are measuring diffracted intensities, 𝐼ℎ𝑘𝑙 , that are 
proportional to the square of the structure factor amplitude: 
𝐼ℎ𝑘𝑙  ∝  |𝐹ℎ𝑘𝑙|
2. 
From data sets containing many different structure factor amplitudes, the positions of 
the atoms in the unit cell can be derived and in this way the structure of the crystal is 
determined.  
Figure 11. Bulk diffraction. Left: real space shape of a crystal. Right: shape of the reciprocal 
space (where diffraction only occurs at Bragg peaks).  
2.4.2. Crystal truncation rods  
Real crystals have finite size. A completely independent single layer or 2D crystal is 
almost impossible to produce and to maintain in a technologically interesting 
environment and these 2D structures are grown on substrates or they simply represent 
the edge of the crystal. For these single unit cell thick crystals the calculation of the 
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scattering amplitude is similar to that of the bulk crystals, but the summation over all 
the unit cells goes only along the two in-plane directions:  
𝐸 =  𝐸0 𝐹ℎ𝑘𝑙
𝑢  ∑ 𝑒𝑖𝑄∙R𝑛
𝑎𝑙𝑙 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠
𝑛1,𝑛2
=  𝐸0 𝐹ℎ𝑘𝑙
𝑢  ∑ 𝑒2𝜋𝑖(ℎ𝑛1+𝑘𝑛2).
𝑎𝑙𝑙 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠
𝑛1,𝑛2
 
As consequence of this summation, from the lack of periodicity along the 
perpendicular direction, diffraction from a single layer occurs along rods in reciprocal 
space (see Figure 12).  
In surface X-ray diffraction it is a common practice to choose the axes of the crystal 
in such a way that a and b are in the plane of the layer, which makes the 𝑙 direction of 
the reciprocal space perpendicular to the surface. The 𝑙 is varying continuously and 
different rods are denoted by their integer (hk) indices.  
 
Figure 12. Real and reciprocal space of a single unit cell thick crystalline layer. The lack of 
periodicity along the perpendicular direction gives rise to diffraction occurring along continuous 
rods.  
Calculating the diffracted amplitudes from a bulk crystal with a perfectly flat surface 
with the same structure as the bulk requires talking absorption into account. The top 
layer will see a slightly larger intensity than the lower layers due to the absorption of 
the X-ray by the crystal, while along the a and b direction all the contributions are the 
same. The summation over all unit cells than becomes:  
𝐸 =  𝐸0  ∑ 𝑒
2𝜋𝑖(ℎ𝑛1+𝑘𝑛2)   ∑ 𝑒2𝜋𝑖𝑙𝑛3𝑒𝛼𝑛3  𝐹ℎ𝑘𝑙
𝑢
0
𝑛3=−∞𝑛1,𝑛2
, 
with 𝛼 the attenuation factor. The first sum is the same as for single layer and leads to 
(hk) diffraction rods in reciprocal space. The second summation is the contribution of 
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a single column of identical unit cells, each having the structure factor 𝐹ℎ𝑘𝑙
𝑢  with an 
appropriate phase factor and with absorption factor taken into account. Evaluating 
this summation separately, one obtains:  
𝐹ℎ𝑘𝑙
𝑏𝑢𝑙𝑘 =  ∑ 𝑒2𝜋𝑖𝑙𝑛3
0
𝑛3=−∞
 𝑒𝛼𝑛3  𝐹ℎ𝑘𝑙
𝑢 =  
𝐹ℎ𝑘𝑙
𝑢
1 − 𝑒−2𝜋𝑖𝑙𝑒−𝛼
. 
The diffracted intensity is proportional to the square of the structure factor amplitude:  
𝐼ℎ𝑘𝑙
𝑏𝑢𝑙𝑘 =  |𝐹ℎ𝑘𝑙
𝑏𝑢𝑙𝑘|
2
=  
|𝐹ℎ𝑘𝑙
𝑢 |2
(1 − 𝑒−𝛼)2 + 4 𝑒−𝛼 sin2𝜋𝑙 
. 
Neglecting the absorption that only have an effect at the bulk Bragg peaks, the 
amplitude takes the form:  
|𝐹ℎ𝑘𝑙
𝑏𝑢𝑙𝑘|  ≈  |
𝐹ℎ𝑘𝑙
𝑢
2 sin 𝜋𝑙
|. 
The amplitude is rising to high values at the bulk Bragg peaks where 𝑙 is integer. 
Because of the presence of the surface, there is a weak scattering connecting these 
bulk Bragg peaks, called crystal truncation rods, as we already mentioned (see Figure 
13). 
 
Figure 13. Real and reciprocal space of a crystal with flat top surface. The shape of a crystal 
truncation rod (connecting the strong Bragg peaks through a weak diffracted intensity in-
between them) is depicted in the right side of the figure.  
2.4.3. Surface diffraction  
A real crystal, in general, will not terminate in a perfectly flat surface. The top layers 
may relax, the surface may undergo a reconstruction process, it can be rough or a 
combination of these three effects can occur. To calculate the diffracted amplitude it 
is convenient to divide the crystal into a bulk and surface part. During the data 
Materials and methods 
- 23 - 
analysis the size of the two is chosen arbitrarily, considering the thickness of the 
surface we need to perform the fit. The total diffracted amplitude is now:  
𝐸 =  𝐸0  ∑ 𝑒
2𝜋𝑖(ℎ𝑛1+𝑘𝑛2)
𝑛1,𝑛1
( ∑ 𝑒2𝜋𝑖𝑙𝑛3  𝑒𝛼 𝑛3 𝐹ℎ𝑘𝑙
𝑢
0
𝑛3=−∞
+  ∑ 𝑓𝑗 𝑒
−𝑀𝑗  𝑒2 𝜋 𝑖 (ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗)
𝑗
). 
The left-most summation yields the rod structure of the reciprocal space. The first 
summation in the brackets is over the part of the crystal that has the bulk structure, 
presented in the previous section. All the contributions from the layers on top of this 
form the surface contribution:  
𝐹ℎ𝑘𝑙
𝑠𝑢𝑟𝑓 =  ∑ 𝑓𝑗 𝑒
−𝑀𝑗  𝑒2 𝜋 𝑖 (ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗)
𝑗
, 
where we assumed that the surface is flat. The total structure factor is the interference 
sum of the bulk and the surface contribution:  
𝐹ℎ𝑘𝑙
𝑡𝑜𝑡 =  𝐹ℎ𝑘𝑙
𝑏𝑢𝑙𝑘 + 𝐹ℎ𝑘𝑙
𝑠𝑢𝑟𝑓 . 
The measured intensity will be proportional to the square of this:  
𝐼 ∝  |𝐹ℎ𝑘𝑙
𝑡𝑜𝑡|
2
=  |𝐹ℎ𝑘𝑙
𝑏𝑢𝑙𝑘 +  𝐹ℎ𝑘𝑙
𝑠𝑢𝑟𝑓
|
2
. 
The surface contribution will modify the total structure factor amplitude if the surface 
structure differs from the structure of the bulk crystal.  
2.4.4. Interface diffraction  
The separation of the total scattering amplitude in a bulk and a surface contribution 
was described in the previous paragraph for the solid-vacuum interface. This 
separation can be also applied for more complex situations, like the structural 
determination of a solid-gas or solid-liquid interface. It can also be applied to the 
study of a heteroepitaxial film containing several layers of atoms 10F11, 11F12. If the film is 
incommensurate with the substrate they only interfere in the specular rod. In the case 
of a liquid in contact with a crystalline substrate, their interference strongly depends 
on the rod investigated.  
As one can see in Figure 14, a solid monolayer on a crystal substrate will have 
contribution to all the rods of the substrate, while a liquid monolayer will only 
contribute to the specular rod. A layer with quasi-liquid ordering will have limited 
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contribution to the non-specular rods as well, but this contribution will decrease 
rapidly with the increase of the in-plane momentum transfer.  
 
 
 
 
 
Figure 14. Three types of ordering of a 
monolayer on the crystal: (a) a fully 
ordered solid layer that contributes to all 
the diffraction rods of the substrate; (b) 
a liquid layer that only contributes to the 
specular rod; (c) a layer with 
intermediate order that has limited 
contribution to the non-specular rods of 
the substrate as well (this contribution 
rapidly decreases with increasing in-
plane momentum transfer).  
The ordering properties of the liquid layer can be described using anisotropic Debye-
Waller parameters together with partial occupancy (if necessary) 12F13:  
𝐹ℎ𝑘𝑙
𝑠𝑢𝑟𝑓 =  ∑ 𝑓𝑗 𝜃𝑗 𝑒
−𝑀𝑗  𝑒2 𝜋 𝑖 (ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗)
𝑗
, 
where 𝜃𝑗 is the occupancy of the j atom and  
𝑒−𝑀𝑗 =  𝑒 
−
𝐵𝑗,∥ 𝑄∥
2
16𝜋2   𝑒 
−
𝐵𝑗, 𝑄
2
16𝜋2 , 
with 𝐵|| and 𝐵 the Debye-Waller parameter along the parallel and perpendicular 
direction, respectively. The mean square vibration, < 𝑢2 >, is related to B by the 
formula:  
𝐵 = 8𝜋2 < 𝑢2 >. 
In Figure 14, all the three cases correspond to a small value of 𝐵, while for the 2D 
liquid, 𝐵|| is infinitely large, for the quasi-liquid 𝐵|| is large and for the solid is small.  
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2.4.5. Using area detectors  
One of the most important progresses achieved in the last decade in terms of 
experimental surface X-ray diffraction is the use of the area detectors that are 
replacing the previously used point detectors. The foremost difference between the 
two of them is the extent of spatial information that can be obtained in a single 
acquisition. The point detector detects a small part of reciprocal space defined by the 
post sample slits and/or by the size of the detector, without any additional spatial 
resolution. In this case rocking scans are needed to obtain the integrated intensity of a 
particular reflection. Two-dimensional detectors have a much larger angular 
acceptance and a spatial resolution defined by their pixel size. Therefore, it is possible 
to obtain the image of the intensity distribution around a particular reflection and the 
background in a single acquisition (provided that the detector acceptance is large 
enough to accept the full size of the reflection). In most of the cases sufficient 
information about the peak profile is stored in a single image and structure factor 
determination can be done without rocking scans. This shortens the acquisition times 
up to about 100 times. Even when the acceptance of the 2D detector is not sufficient 
(often the case for the low outgoing angles) and rocking scans are inevitable, a wide 
range of data along the rod can be extracted thanks to the large volume of Q space 
covered during the scan.  
In the case of non-specular reflections measured with classical point detector, the 
integrated intensity of an ideal rocking () scan is 13F14, 14F15:  
𝐼𝜔,𝑖𝑑𝑒𝑎𝑙 =  (
Φ0
𝜔0
) (
𝐴
𝐴𝑢
) ∭ r𝑒
2  |𝐹ℎ𝑘𝑙|
2 𝑃𝑢(𝑄)d𝛾 d𝛿 d𝜔, 
where Φ0 is the incident flux, ω0 the sample rotation speed, r𝑒 the classical radius of 
the electron, A the active surface area, 𝐴𝑢 the area of the surface unit cell, 𝐹ℎ𝑘𝑙 the 
structure factor of the ℎ𝑘𝑙 reflection, P the polarization factor and 𝑢(𝑄) the line 
shape function. During an  scan, 𝑁𝜔 discrete points are measured with an 
acquisition time of 𝑇𝜔 for each point:  
𝐼𝜔 =  Φ0𝑇𝜔 (
𝐴
𝐴𝑢
) ∑ ∬  r𝑒
2 |𝐹ℎ𝑘𝑙|
2 𝑃𝑢(𝑄)d𝛾 d𝛿 d
𝑁𝜔
𝑖=1
𝜔𝑖. 
𝐼𝜔 can be rewritten using the following correction factors:  
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𝐼𝜔 =  Φ0𝑇𝜔
𝐴
𝐴𝑢
 r𝑒
2 𝜆2 |𝐹ℎ𝑘𝑙|
2  𝑃 CareaCdetCbeam  
Δ𝛾 cos 𝛾
cos 𝛼 sin 𝛿 cos 𝛾
. 
Carea is the area correction factor, which is proportional to the illuminated surface area 
and is defined by the size of the incoming beam parallel to the surface and by the 
opening of the slits in front of the detector. Cbeam compensates for the intensity 
distribution profile of the incoming beam and Cdet is present in the case where the in-
plane acceptance of the detector is not sufficiently large to cover the entire peak. The 
Lorentz factor for an  scan is 1/cos 𝛼 sin 𝛿 cos 𝛾. The rod intersection factor is cos 𝛾, 
which is an integration correction dependent on the geometry of the rod-detector 
interception. 
In a stationary measurement a single data acquisition of duration 𝑇𝑠 is carried out at a 
specific point in the reciprocal space. The integrated intensity on the detector is:  
𝐼𝑠 =  Φ0𝑇𝑠 (
𝐴
𝐴𝑢
) ∬ r𝑒
2 |𝐹ℎ𝑘𝑙|
2 𝑃 𝑢(𝑄) d𝛾  dδ =  Φ0𝑇𝑠
𝐴
𝐴𝑢
2  r𝑒
2 𝜆2 |𝐹ℎ𝑘𝑙|
2 𝑃 CareaCdet,sCbeam  
1
sin 𝛾
 
where 1/ sin 𝛾 is the Lorentz factor for the stationary case.  
For proper estimation of the background intensity, the field of view of the detector 
should be large enough to fully intersect the rod and accept an area with background 
intensity. Over (or under)-estimation of the background may result in significant 
errors in the calculated structure factors. A quick and straightforward approach is to 
first calculate the overall integrated intensity inside a region of interest (RoI) covering 
the intercepted rod and then subtract the background intensity taken elsewhere 
(Figure 15).  
 
Figure 15. Different ways of selecting the background: (a) rectangles adjacent to each RoI edge; 
(b) rectangular area outside the RoI. 
Materials and methods 
- 27 - 
There are two ways of selecting the background presented in Figure 15. In the left side 
of the figure four rectangles each adjacent to a side of the RoI selection can be defined 
with their different width. A completely separated background rectangular box can be 
defined by their pixel coordinates and used for background subtraction. All the 
previously described correction factors are then automatically applied by running the 
PyMca15F16 software plugin and the obtained data file with all the important details is 
provided. This data file is compatible with the AVE and ROD software16F17 used for 
further data analysis.  
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Chapter 3  
 
Solid-liquid interface structure of 
muscovite mica in monovalent 
ionic solutions1  
 
Abstract  
The solid-liquid interface formed by single terminated muscovite mica in contact with two 
different ionic solutions is determined using surface x-ray diffraction. Specular and non-
specular crystal truncation rods of freshly cleaved mica immersed in CsCl or RbBr aqueous 
solution were measured. The half monolayer of surface potassium ions present after the 
cleavage is completely replaced by the positive ions (Cs+ or Rb+) from the solution. These ions 
are located in the ditrigonal surface cavities with small outward relaxations with respect to the 
bulk potassium position. We find evidence for the presence of a partly ordered hydration shell 
around the surface Cs+ or Rb+ ions as well as partly ordered negative ions in the solution. The 
liquid ordering induced by the crystalline surface is vanishing at distances larger than 5 Å from 
the surface.  
  
                                                          
1 This chapter is based on an article under submission process for being published. List of authors: S. 
Pintea, W. de Poel, A.E.F. de Jong, V. Vonk, P. vd Asdonk, J. Drnec, O. Balmes, H. Isern, T. Dufrane, R. 
Felici, E. Vlieg. 
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3.1. Introduction  
Muscovite, the most common form of mica mineral, has an interesting bulk and 
crystal surface structure for scientific and technological applications. Its atomically flat 
surface1 is a perfect substrate for the growth of macromolecular (mono) layers2,3,4,5, 
the study of DNA molecules6,7 or for being functionalized by exchanging the surface 
ions8. The cleaved (001) muscovite surface is also often used as a model surface for 
studying the crude oil-mineral reservoir interaction9,10,11 in order to improve the 
efficiency of the oil recovery process.  
The muscovite surface is suitable for most surface science techniques, although it 
sometimes plays only a secondary role in the experiment: atomic force microscopy 
(AFM)12, scanning tunneling microscopy (STM)13, X-ray photoelectron spectroscopy 
(XPS)8,14, Auger electron spectroscopy (AES)15, low energy electron diffraction 
(LEED)16, X-ray reflectivity (XRR)17, surface X-ray diffraction (SXRD)5, transmission 
electron microscopy (TEM)18 etc. A major scientific application of mica is in the 
surface force apparatus (SFA)19,20 where its flatness and transparency play a crucial 
role.  
On such a well-studied system several structural details are already known. According 
to the XRR measurements of Schlegel et al.21, Cs+ is adsorbed at 2.16 Å from the 
topmost crystalline oxygen layer for both concentrations of the aqueous solution that 
were used: 0.01 and 0.5 m. Two partly out-of-plane ordered solution layers were 
reported: the first one at a height of 4.0 Å and the second at 6.33 and at 6.72 Å for the 
two concentrations, respectively. Perfect surface charge compensation is achieved for 
the lower concentration while the presence of more concentrated solution leads to 
surface charge overcompensation in their study.  
The adsorption of Rb+ ions was studied using resonant anomalous X-ray scattering by 
Fenter et al22. They found a Rb+ ion height of 2.33 Å and a surface charge 
compensation of only 73 %. Two partly out-of-plane ordered solution layers, covering 
the Rb-terminated muscovite, were found to be located at a height of 4.1 and 8.9 Å 
from the oxygen layer forming the surface ditrigonal cavities. Both cations, Cs+ and 
Rb+, are adsorbed as partly hydrated species, where the classical inner-sphere is a 
combination of the water molecules of the solution and the topmost crystalline 
oxygen atoms.  
Although investigated with many techniques, the full structure of Cs- or Rb-
terminated muscovite is not completely elucidated. The most important structural 
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studies are providing ambiguous or incomplete answers regarding the surface-interface 
structure of the muscovite in these ionic aqueous solutions. Previous XRR21,23 and 
resonant anomalous XRR22 studies have the drawback of being only sensitive to the 
structure along the surface normal direction and, consequently, the in-plane location 
of the adsorbed species is only assumed, not determined. The molecular dynamics 
study of Sakuma and Kawamura24 is stressing another issue: the role and the level of 
ordering (if any) of the negative ions also present in the solution. The XPS 
measurements of Xu and Salmeron8 conclude that the Cl- from a CaCl2 solution 
cannot be completely removed from the surface by rinsing it with water, while (SO4)2- 
from a CaSO4 solution can be removed, making the situation even more complicated.  
This research aims to fully characterize the solid-liquid interface made by crystalline 
muscovite mica in contact with aqueous solutions of CsCl or RbBr. To achieve this 
we obtain extensive in situ surface X-ray scattering data sets containing not only the 
specular but also non-specular rods using single-terminated surfaces. This enables the 
determination of both the out-of-plane and the in-plane ordering of the species 
present at the interface. We find that the surface K+ ions are completely exchanged by 
0.5 ML of Cs+ or Rb+ ions located in the ditrigonal cavities. These ions exhibit a small 
outwards relaxation. Near the interface we find limited water ordering and evidence 
for negative ions.  
3.2. Experimental methods and materials  
The side and top view of the bulk muscovite structure are depicted in Figure 1. The 
monoclinic unit cell (C2/c space group) has the following cell parameters: a = 5.1906 
Å, b = 9.008 Å, c = 20.047 Å and  = 95.757. High quality muscovite mica sheet 
(S&J Trading Inc., Glen Oaks, New York), was cut in pieces of about 45 x 45 mm2. 
The large sample size minimizes edge effects and gives a large flat area for accurate 
experiments. For each sample preparation a freshly cleaved surface was used. Cleavage 
was initiated using a knife1.  
After the cleavage the surface K+ ions were exchanged by either Cs+ or Rb+ by 
immersing the sample in 56 mM aqueous solution of CsCl or 11 mM aqueous solution 
of RbBr. Both salts, CsCl and RbBr, were high purity (Sigma Aldrich, code 203025 
and 336149, respectively) and were dissolved in ultrapure water (resistivity  18.2 
Mcm). Although the exchange of the surface K+ with Cs+ (or Rb+) from the 
solution should take a few minutes8, in order to make sure it was complete, the 
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muscovite was kept in solution for two hours. After removal from the solution, the 
sample was placed on the plateau of the environment cell schematically presented in 
Figure 2. A thin mylar foil (13 μm; Lebow Company, Goleta, California) was used to 
cover the sample after some additional solution was dropped onto the muscovite 
surface in order to create the liquid environment in which the SXRD experiment was 
performed. No degradation of the liquid film or of the bulk part of the muscovite was 
observed during the whole experiment. Similar measurements we performed in a dry 
environment (air or nitrogen flow) revealed small changes in the reflectivity curve as a 
function of exposure time, but this is not the case in the wet environment.  
 
Figure 1. Left: side view of the muscovite structure. The colored part is showing our choice for 
the bulk unit cell. The pink plane is the c-glide plane that symmetrically connects the two 
possible K+ cleavage planes (arbitrarily named surface termination 1 at c = 0.25 and surface 
termination 2 at c = 0.75). Right: top view of a single terminated muscovite surface depicting the 
random half occupancy of the ditrigonal cavities by K+ ions after cleavage.  
Figure 2. Schematic of the cell used for in-situ 
SXRD measurements. A large piece of 
muscovite is positioned in the center of a 
stainless steel plateau. Before the 
measurements, solution was dropped onto the 
surface of muscovite. To preserve the humid 
environment during the measurements, a 13 
μm thin mylar foil was used to cover the 
sample. The foil was fastened to the cell using 
a stainless steel ring, a rubber O-ring and bolts. 
The inlet and outlet pipes of the gas flow were 
blocked by clamps in this experiment. 
Surface X-ray diffraction (SXRD) is a well-known technique to determine the 
structure of (buried) interfaces25,26,27. The modulation of the reflected intensity along 
the 𝑙 direction of reciprocal space is measured as a function of the momentum 
transfer 𝑄 = ℎ ∙ 𝑎∗⃗⃗⃗⃗ + 𝑘 ∙ 𝑏∗⃗⃗⃗⃗ + 𝑙 ∙ 𝑐∗⃗⃗  ⃗, where 𝑎∗⃗⃗⃗⃗ , 𝑏∗⃗⃗⃗⃗ , 𝑐∗⃗⃗  ⃗ are the reciprocal lattice vectors 
and (hkl) the diffraction indices. SXRD data were measured on the vertical z-axis 
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diffractometer of the ID03 beam line of the European Synchrotron Radiation Facility 
(ESRF) using monochromatic X-rays of 15 keV energy ( = 0.8266 Å). The beam size 
at the sample position was chosen to be 1.00 x 0.02 mm2 (horizontal x vertical), giving 
a constant footprint of 1 x 2 mm2 at the angle of incidence of 0.6 that was used for 
all the non-specular rods. The beam characteristics were selected to minimize the 
attenuation of the signal when passing through the water and mylar film, to avoid the 
presence of absorption edges of the chemical elements involved in the experiment and 
to minimize radiation damage. The diffracted intensities were recorded using a 
Maxipix 2x2 area detector and all the crystal truncation rods (CTRs) were measured in 
the stationary geometry28, which made the data acquisition time two orders of 
magnitude smaller than when using a point detector that requires rocking scan 
measurements. In order to obtain the structure factor amplitudes, a specially written 
script that applies all the necessary correction factors was used. To account for the 
variation in absorption of the X-rays when passing through the water and mylar film 
covering the sample, an incident and exit angle dependent correction factor was 
applied. This correction uses the 13 μm thickness of the mylar foil and a 15 μm water 
film thickness as estimated by weighting the amount of solution dropped onto the 
surface. 
It is important to have proper error bars in the data analysis. In the case of SXRD 
there are two main errors: statistical and systematic errors. The statistical errors are 
very small in our case due to the high value of photon counts and therefore do not 
determine the real error. In order to estimate the systematic errors, symmetry 
equivalent reflections are often used. On muscovite m ica a mirror symmetry (due to 
the glide plane of the crystal structure) along the h direction will be present in the 
surface reflections from normal samples with a random mixture of the two possible 
surface terminations. In our case, however, this symmetry is absent because we 
performed the measurements on single terminated surfaces (as explained below). We 
nevertheless found that selected parts of the (normally asymmetric) pairs of the (11) + 
(11̅), (13) + (13̅) and (02) + (02̅) rods were nearly equivalent. The differences in 
these regions were found to be 5% and this was used as an estimate of the systematic 
error for the entire data set consisting of the (00), (11), (11̅), (13), (13̅), (33), (33̅), 
(02), (02̅), (20) and (40) rods.  
Model structure fitting to the data was done using the ROD software29. In the 
calculations the ionic scattering coefficients30 for Cs+, Rb+, Cl- and Br-, averaged 
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scattering coefficients that take into account the 25 % replacement of the bulk Si by 
Al atoms and the theoretical values of the anomalous dispersion coefficients at 15 keV 
were used31. For the bulk structure of muscovite atom positions from Guven (ICSD 
database, code 34921) were used32. The use of Cs+ of Rb+ ions facilitates the X-ray 
analysis owing to the strong scattering power of these ions.  
3.3. Results and discussion  
3.3.1. Single surface termination: theory and experiment  
The glide plane along the c-axis present in the bulk structure of muscovite 
symmetrically relates the two K+ cleavage planes situated at c = 0.25 and at c = 0.75 
in the conventional bulk unit cell, leading to two different surface terminations as 
shown in Figure 1. The terminations have a different rod profile, as illustrated in 
Figure 3, but the glide plane symmetry means that the (ℎ𝑘𝑙) reflection of termination 
1 is the same as the (ℎ?̅?𝑙) reflection of termination 2. Assuming a size of the cleaved 
terraces of the order of micrometers, the large footprint of the X-ray beam on the 
sample is expected to probe a region that contains equal amounts of the two 
terminations. This would give rise to a mirror plane along the h-axis of the reciprocal 
space that would symmetrically relate the rods located on either side of the mirror 
plane. In this way the (11) and (11̅) rods would be equivalent. We found, however, 
that by using a high quality muscovite mica and by careful cleaving, terraces larger in 
size than the X-ray beam footprint can be achieved1.  
The presence of steps and the size of the terraces can easily be checked by mapping 
the intensity of a reflection that is sensitive to the surface termination. We chose the (1 
1 1.3) reflection for this and the map over an area of 35 x 20 mm2 is shown in Figure 
4. This shows a single step near x = 5 and large, single-terminated terraces from which 
a measuring condition with a single termination is easily selected.  
 
Figure 3. The simulated (11) rod of the Cs 
terminated muscovite for the two 
terminations: termination 1 – blue and 
termination 2 – red, obtained by replacing 
the 0.5 ML surface K+ by Cs+ at their bulk 
position. The black line is the (11) rod for a 
50:50 mixture of the two domains. The 
reflection at 𝒍 = 𝟏. 𝟑 was used for surface 
mapping.  
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A full SXRD data set on the x = -3 and y = 1 spot was recorded in the case of Cs-
terminated muscovite. Note that the name of the termination is arbitrary since the 
shape of the (11) rod corresponding to termination 1 is the same as the (11̅) rod 
shape corresponding to termination 2. The same method was applied to find a single 
terminated area of the Rb-terminated muscovite.  The use of a single termination 
avoids uncertainties in the ratio of the two terminations and leads to a data set with a 
larger number of unique reflections.  
 
Figure 4. The 2D plot of the (1 1 1.3) diffracted intensities. Based on this picture a single 
terminated spot for the complete data set was selected. 
3.3.2. Fitting and surface models 
A large number of different models were tested, but Figure 5 shown a side view of the 
model as used for fitting. Each atomic layer has its own independent set of parameters 
indicated on the right side of the figure: occ. – occupancy; d(axis) – displacement 
along the mentioned axis; Bll – in-plane and B – out-of-plane Debye-Waller 
parameter accounting in our case also for the level of ordering33. The unrelaxed part 
of the bulk crystal is highlighted by the yellow shaded region.  
On top of the rigid muscovite mica region we used four crystalline layers that are 
allowed to relax out-of-plane and have fitted in-plane and out-of-plane Debye-Waller 
parameters. The d() displacement accounts for the possible variation in the 
tetrahedral rotation angle of the topmost silicon/aluminum oxide structure. It is 
modeled as an in-plane displacement of the topmost oxygen layer along the a and b 
axes as shown in Figure 6 by the orange arrows originating from the topmost oxygen 
atoms. All four layers have a fixed occupancy of 100 % because there is no exchange 
process affecting these layers.  
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Figure 5. The side view of the model used to determine the surface/interface structure. The 
yellow shaded part highlights the fixed crystalline region. The ditrigonal surface cavities were 
filled by independently fitted Cs+, Cl- or water. The model is completed by a hydration shell 
around the cavity (modeled by two hydration rings) and three water layers. 
The most important modification expected at the surface is the replacement of the K+ 
with Cs+ or Rb+. The exchange ions are expected to fill half of the surface ditrigonal 
cavities (i.e. they replace the half K+ monolayer expected at the surface after cleavage) 
in order to fully compensate for the surface charges. This is modelled by allowing the 
presence of the exchange ion in both cavities and fitting its occupancy using 50 % as 
starting parameter. These positive ions have the occupancy, two relaxations (out-of-
plane and along the a axis) and the two independent Debye-Waller parameters as 
fitted parameters. The displacement along the a axis, shown in Figure 6 by the red 
arrows originating from the ions in the ditrigonal cavity, is introduced in order to 
allow a compensation for the tilted c axis with respect to the a axis (=95.757). Each 
ion in the cavity is expected to build up a hydration shell around it, similar to their 
hydration shell in solution34. This is modeled by allowing in principle several hydration 
rings centered on the positive ion in the cavity. The hydration ring is modelled as a 
continuous charge density surrounding the ion by using 12 equally spaced oxygen 
atoms. For each hydration ring independent occupancy, c – displacement, radius and 
in- and out-of-plane Debye-Waller parameters are fitted. Although we allowed for 
several hydration rings (at variable heights; on top of each other) around each cavity 
center, in practice one ring per cavity was already sufficient.  
The second half of the surface ditrigonal cavities were filled with water molecules 
having similar independent variable parameters as the positive ions in the cavity.  
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The possibility of having the negative ions co-adsorbed at the surface is mentioned by 
other authors24, and therefore the presence of Cl- or Br- on the top of the ditrigonal 
cavities was allowed. These ions have the same amount and type of variable 
parameters as the positive ions present in the cavities.  
 
Figure 6. The top view of the surface fit model. Only the two topmost crystalline layers, the ions 
in the cavity and their hydration ring are shown for clarity. The orange arrows in the magnified 
image denote the directions of allowed relaxation in order to check for the changes in the 
tetrahedral rotation angle. The red arrows on the positive ion depict its in-plane relaxation 
direction in order to compensate for the tilted c axis of the muscovite crystalline structure.  
The highly ordered crystalline structure is expected to induce (limited) ordering of the 
water from the solution film that covers the sample. This was modeled by allowing 
several water layers on the top of the whole model described until now. It turned out 
that the minimum number of the water layers needed to get a good fit was three in the 
case of Cs-terminated muscovite and two for the Rb-terminated sample. Each layer is 
modeled by a single water molecule per surface unit cell. The occupancy of these 
layers was allowed to go above 100 % in order to be able to generate the ~4.6 (or 
more) water molecules contained in the bulk water monolayer per surface unit cell. 
Partial ordering in the liquid layer is modelled using anisotropic Debye-Waller 
parameters. A high value for the Debye-Waller parameter (i.e. B > 2000) means in our 
case a completely disordered liquid layer. The Debye-Waller parameter is related to the 
root mean square of the vibration amplitude (shown in the tables) through the 
formula: B = 82<u2>. It is important to mention that all the water molecules were 
modeled using a single oxygen atom, because X-rays are not sensitive to the two 
hydrogen atoms. From the electron density of these oxygen atoms it is easy to derive 
the equivalent water density.   
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3.3.3. The Cs-terminated surface/interface structure 
While the previous paragraph describes the final model used for fitting the data, 
several different models were tried. All these models yield similar electron densities at 
the solid-liquid interface and we chose the simplest model giving a good fit. The final 
results for the muscovite mica - CsCl solution interface are presented in Table 1 and 
depicted in Figures 7-9.  
The non-specular data points together with the best fit (solid line) are presented in 
Figure 9. The comparison between the (11) and (11̅) rods proves that the choice of 
the single terminated surface was correct. The normalized χ value for the best fit 
model was 3.51 and we consider this value as satisfactory if we take into account the 
large number of data points (more than 4200) and the relatively good (5 %) agreement 
factor used for the error calculations.  
Table 1. Structure of the muscovite mica - CsCl solution interface.  
Element 
z - height  
[Å] 
Occupancy [%] 
(per cavity or surface 
unit cell) 
In-plane 
vibration (u∥) 
[Å] 
Out-of-plane 
vibration (u⊥) 
[Å] 
Waterthird layer 11.9 ± 0.5 21 ± 3 H2O/s.u.c.  12 ± 8 
Watersecond layer  6.7 ± 0.5 10 ± 2 H2O/s.u.c.  5.1 ± 5.0 
Waterfirst layer  6.0 ± 0.3 1.2 ± 0.5 H2O/s.u.c.  1.2 ± 1.0 
Watercavity 
3.9 ± 0.2 
a = 0.13 ± 0.10 
30 ± 10 % / cav. 1.7 ± 1.0 1.20 ± 0.5 
Cl-cavity 
3.2 ± 0.2 
a = 0.06 ± 0.05 
24 ± 10 % / cav.  1.3 ± 0.4 0.2 ± 0.2 
Hydration ring 
1.6 ± 0.2 
R = 2.8 ± 0.3 
1.7 ± 0.5 H2O/s.u.c. 0.4 ± 0.3 0.5 ± 0.5 
Ditrigonal 
Cavity 
Cs+ 0.44 ± 0.1 
a = 0.01 ± 0.01 
53 ± 10 % / cav. 
0.21 ± 0.1 0.24 ± 0.1 
Water 47 ± 10 % / cav. 
Obulk-top 
z = - 0.01 ± 0.01 
 = 0.75 ± 0.20 
100 % (fixed) 0.13 ± 0.05 0.25 ± 0.10 
Si/Albulk z = 0.01 ± 0.01 100 % (fixed) 0.10 ± 0.05 0.13 ± 0.05 
Obulk-deep z = - 0.02 ± 0.01 100 % (fixed) 0.104 (fixed) 
Albulk z = 0.01 ± 0.01 100 % (fixed) 0.086 (fixed) 
During the fitting process trends in the variations of different parameters, ranging 
from relatively small to large variations, were observed. Based on this behavior, three 
main interface regions can be defined: the crystalline region, the interface charged 
region and the liquid region.  
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The crystalline region is characterized by very small relaxations and consists of the top 
four crystalline layers. The out-of-plane relaxations in this region are small (zero 
within the error bars). The most noticeable variation comes from the out of plane 
Debye-Waller parameter of the topmost oxygen layer that gives: u = 0.25 Å. This 
strong increase with respect to the bulk isotropic value of 0.1 Å is likely caused by the 
removal of the second half of the crystal during the cleavage process. This increases 
the vibrational freedom of the topmost oxygen atoms in the out-of-plane direction 
where they are in contact with a liquid phase. The small relaxation values in this region 
prove the rigidity of the crystalline muscovite mica structure.  
The rigidity of mica is also revealed by the tetrahedral rotation angle, . For the bulk 
structure, the value of  is 8.13 35,36. This value was calculated using the formula: 
𝛼 =
∆(Å)
0.047
, where  is the difference (in Å) between the mean high and mean low 
distances from the bulk K+ to the oxygen atoms forming the two ditrigonal cavities 
around it. For the surface tetrahedral blocks only the oxygen atoms on one side of the 
cleavage plane are taken into account, leading to an angle of 7.38. The angle thus 
changes by only 0.75.  
  
Figure 7. The side view of the muscovite – CsCl aqueous solution interface structure depicting 
both ionic entities – Cs+ and Cl- – at the interface. The projected electron density is shown by the 
black curve; the red curve shows the (11) Fourier component of this density.  
Figure 8. The experimental data and the 
best fit (blue solid line) of the specular rod 
of the muscovite – 56 mM CsCl aqueous 
solution interface. The red solid line is a fit 
using a model without the last water layer. 
The dotted line is the fit with the last two 
water layers missing.  
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Figure 9. The best fit (solid line) and the data for the measured crystal truncation rods. 
The interface charged region includes the hydrated ionic species at the 
surface/interface and the partly ordered hydration water present there: the Cs+, the 
hydration ring and Cl- layers from Table 1. During the fitting procedure the occupancy 
of Cs+ increased to 60 % and the H2O in the cavities moved to higher z values. Since 
having 40% of the cavities empty is not realistic, we reinterpret the high Cs+ content 
as 53 ± 10 % of Cs+ per cavity combined with 47 ± 10 % of water per cavity, as 
shown in the table as well. Here we only considered the eight electrons of the oxygen 
atoms from the water molecule as taking part in the diffraction process, while the two 
electrons of the hydrogen atoms are only contributing to the background as diffuse 
scattering. We cannot make a distinction between the water and hydronium in this 
experiment, thus a combination of the two is also possible. The charged Cs+ or H3O+ 
in the cavity is surrounded by a hydration ring with radius R = 2.82 Å, containing 1.7 
H2O molecules per surface unit cell (calculated as a continuous charge density from 
the twelve oxygen atoms used to model the hydration ring). The high electron density, 
shown at the right side of Figure 7, projected on the z axis as seen in the (00) rod at z 
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= 3.2 Å indicates the presence of Cl- at the interface. Without this Cl-, the electron 
density projection would not have such a peak that is much higher than the electron 
density of liquid water (the flat electron density visible immediately above the peak or 
the dashed blue line). This Cl- is located on top of the cavities with an occupancy of 
24 ± 10 %. The high in-plane vibration parameter (ull = 1.3 Å) shows the high lateral 
disorder of this Cl- layer, while its out-of-plane vibration parameter (u = 0.2 Å) 
denotes a well-defined layer in the out-of-plane direction. The Cl- occupancy has 
relatively large error bars because different combinations of Cl- and water yield the 
same z-projected electron density.  
We therefore find that the Cs+ is adsorbed in a partly hydrated state at the muscovite 
surface. The 1.7 H2O molecules / surface unit cell (equivalent to 1.7 H2O/Cs+) from 
the hydration shell, combined with the six oxygen atoms forming the ditrigonal cavity 
of the crystalline muscovite mica and the Cl- are together very close to the eight fold 
coordination of the Cs+ in aqueous solution reported by Mahler and Persson34. In 
addition, the mean distance from the Cs+ to the hydration water molecules is about 
2.85 Å, somewhat smaller than the 3.07 Å reported by Mahler and Persson. The mean 
distance from the Cs+ to the bulk ditrigonal oxygen atoms is about 3.61 Å and is larger 
because of the other bonds that the bulk oxygen atoms have within the crystalline 
lattice of muscovite. The Cs+ - Cl- distance of our fit of 2.78 Å is much smaller than 
the sum of the two ionic radii of 3.50 Å (RCs+ = 1.86 Å; RCl- = 1.64 Å)37. These 
distances must be carefully interpreted. First of all, the Cl- ions have a high in-plane 
vibration parameter, which is altering their precise lateral localization. Secondly, the 
sum of the occupancies of Cs+ and Cl-, not exceeding 100 %, could easily allow a 
structuring where each of them is located on the top of different cavities. A third 
observation is  the poor agreement between the ionic radius values in literature, which 
can vary significantly: RCs+ = 1.74 Å and RCl- = 1.81 Å38. A schematic of the structure 
in this region is shown in Figure 10.  
 
 
Figure 10. A schematic of the ionic region 
structure showing the distances between 
the Cs+, Cl- and the hydration shell shared 
by both of them.  
Chapter 3 
- 42 - 
The partially ordered liquid region of the solid-liquid interface consists of the topmost 
four water layers (there are of course more bulk water layers, but these are invisible for 
the X-rays). The values of the parameters corresponding to these layers were 
fluctuating during the fitting procedure, but they gave the same electron density 
projected on the z-direction as the one presented in Figure 7. These fluctuations 
strongly affect the error bars of these parameters. The limited in-plane ordering at the 
interface is illustrated by the small electron density projected along the z-direction 
when using the (11) Fourier components33, depicted by the red curve in Figure 7.  
The water layers only affect the low 𝑙 values of the specular rod as visible in Figure 8 
where the variation of the shape of the specular rod as a function of the presence of 
different water layers is shown. Removing one layer has only a small (but significant) 
effect, removing two layers clearly yields a much worse fit.  
3.3.4. The Rb-terminated surface/interface structure 
The model and the fitting procedure for the muscovite – RbBr aqueous solution 
interface are similar to that for the CsCl solution. The fitted values for structural 
parameters are presented in Table 2. Also in this case different models were tried, but 
all lead to a similar electron density projected on the z axis. The final result uses two 
water layers (instead of three for CsCl) and yields a normalized χ2 value of 4.27 for the 
2700 structure factors. An agreement factor of 5 % was used for the error bars 
calculation. Figures 11-13 show the obtained projected electron density (for both the 
(00) and (11) Fourier components) and the different rod profiles.  
Table 2. Structure of the muscovite – RbBr aqueous solution interface.  
Element z – height [Å] 
Occupancy [%] 
(per cavity or 
surface unit cell) 
In-plane 
vibration (ull) 
[Å] 
Out-of-plane 
vibration 
(u) [Å] 
Watersecond layer  10.8 ± 0.5 0.6 ± 0.2 H2O/s.u.c.  1.5 ± 0.3 
Waterfirst layer  7.1 ± 0.3 13 ± 5 H2O/s.u.c. 1.7 ± 1.0 6.3 ± 3.0 
Watercavity 
5.3 ± 0.2 
a = 0.63 ± 0.10 
75 ± 10 % cav.  1.8 ± 1.0 1.1 ± 0.3 
Br-cavity 
2.8 ± 0.2 
a = -0.02 ± 0.05 
20 ± 5 % cav.  1.2 ± 0.2 0.12 ± 0.02 
Hydration ring 
1.5 ± 0.2 
R = 2.2 ± 0.2 
2.1 ± 0.1 H2O/s.u.c. 0.2 ± 0.2 0.5 ± 0.2 
Ditrigonal 
cavity 
Rb+ 0.21 ± 0.08 
a = 0.02 ± 0.01 
48 ± 10 % cav. 0.25 ± 0.10 0.28 ± 0.10 
Water 52 ± 10 % cav. 
Obulk-top 
z= 0.00 ± 0.01 
 = 0.31 ± 0.10 
100 % (fixed) 0.12 ± 0.05 0.24 ± 0.10 
Si/Albulk z= - 0.03 ± 0.01 100 % (fixed) 0.10 ± 0.05 0.09 ± 0.05 
Obulk-deep z= 0.00 ± 0.01 100 % (fixed) 0.104 (fixed) 
Albulk z= 0.01 ± 0.01 100 % (fixed) 0.086 (fixed) 
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As for CsCl, the whole surface/interface can be divided in three regions: the 
crystalline fitted region, the interface charged region and the liquid region.  
 
Figure 11. Side view of the muscovite – RbBr aqueous solution interface structure. The projected 
electron density is shown by the black curve; the red curve shows the (11) Fourier component of 
this density.  
 
 
Figure 12. The (00) rod for the muscovite – 
RbBr solution sample. The solid line is the 
best fit and the circles are the data points. 
  
  
Chapter 3 
- 44 - 
  
Figure 13. The best fit (solid line) and the data for the mentioned crystal truncation rods. 
The parameters of the fitted crystalline region have similar behavior as in the case of 
CsCl solution – muscovite interface, with the tetrahedral rotation angle changing by 
0.31, from 8.13 to 7.82. 
For the interface charged region several trends can be noticed. First, the water located 
above the cavity was pushed farther away from the surface, ending up in the liquid 
region at 5.3 Å from the surface. The occupancy for the Rb+ ion was found to be 
approximately 60 %. This charge density is in reality the sum of Rb+ and H2O 
occupying this position. Both entities in the cavity are sharing the same coordinates 
and vibrational parameters because it is impossible to distinguish them in this SXRD 
experiment. In order to have both a total occupancy of 100 % and the equivalent 
charge density of 60 % Rb+, we calculated an occupancy of 48 % for Rb+ and 52 % 
for H2O. This agrees with the previously reported partial surface charge compensation 
for the Rb+ sample22.  
The Rb+ ion in the cavity is surrounded by a hydration ring at z = 1.5 Å with a radius 
of 2.2 Å and 2.1 H2O molecules/surface unit cell. The negative Br- ion is located at z 
= 2.8 Å and occupies about 20 % of the ditrigonal surface cavities. The lateral location 
of these ions is ambiguous because of the high value of their in-plane vibration 
parameter, ull =1.2 ± 0.2 Å, but the small value for the out-of-plane vibration 
parameter, u = 0.12 ± 0.2 Å, is evidence for a well-defined layer in the out-of-plane 
direction. The presence of the negative ions in this layer is deduced from the high 
electron density in this region, which exceeds the normal value of the bulk water 
(about 334 e-/nm3; shown in the right side of Figure 11 by the blue dashed line). The 
distance between the Rb+ and Br- is 2.64 Å (smaller than the radius of the hydrated 
Rb+ ion of 2.98 Å34, but that involves different bond type and atomic species). The 
mean distance from the Rb+ ion to the topmost crystalline oxygen atoms is 3.47 Å and 
to the oxygen from the hydration water molecule is about 2.51 Å.  
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Figure 14. The schematic of the ionic region 
depicting de distances between the adsorbed 
Rb+ , Br- and the hydration water molecules.  
A complete (hydration) shell is built around the Rb+ by the six bulk oxygen atoms, the 
hydration water molecules and the Br- ions on top, as shown in Figure 14.  
The liquid region, containing the water above the cavity and the two water layers has 
similar characteristics as in the CsCl case and only affects the low 𝑙 value of the 
specular rod.  
3.3.5. Discussion  
The most accurate result of our analysis is the determination of the coordinates of the 
adsorbed Cs+ and Rb+ ions inside the ditrigonal cavities. Previous XRR results had the 
drawback of being sensitive only to the height of the adsorbed ions, although the 
authors were also assuming the ions to be at this location. Both ions are adsorbed at 
heights with outwards relaxation with respect to the initial crystalline K+ position: 0.44 
± 0.10 Å and 0.21 ± 0.10 Å for Cs+ and Rb+ respectively. The difference of 0.23 Å 
between the two relaxations is in good agreement with the difference in ionic radii of 
these ions, although a unique value for ionic radii does not exist since it depends on 
the chemical surrounding34,37,38. Moreover, the same good agreement is obtained if we 
compare the out-of-plane relaxations with the difference in radius between the 
adsorbed ion and the K+ normally present at the surface after the cleavage.  
The first column of Table 3 shows a direct comparison between our results and the 
adsorption height obtained by other authors using XRR and MD simulation studies. 
While in the case of Cs+ there is a good agreement between our value and the 
previous literature, for Rb+ our result only agrees with the study of Lee et al.40 and is 
very different from the results of Park et al39. Although the concentration of the 
solution is different for each of these studies, this fact seems insufficient to explain the 
discrepancy.  
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Table 3. Comparison of the interface charged region with results from literature.  
 Cation adsorption 
layer  
Solution layer Solution layer (2) 
z [Å] Element  z [Å] Element z [Å] Element 
Muscovite - CsCl solution interface 
(this study) – SXRD   
2.14 Cs+ 3.3 H2O 4.9 Cl-+H2O 
Muscovite - CsCl solution interface 
(Schlegel, 200621) – XRR  
2.16 Cs+ 4.0 H2O 6.3 ÷ 6.7 H2O 
Cs+ echanged muscovite (Sakuma, 
201124) – MD 
2.1 Cs+ 4.2 H2O 6.5 H2O 
Muscovite - RbBr solution interface 
(this study) – SXRD  
1.91 Rb+ 3.2 H2O 4.5 Br-
+H2O 
Muscovite - RbCl solution interface 
(Park, 200639) – RA-XRR  
2.33 Rb+ 4.1 H2O 9.0 H2O 
Muscovite - RbCl solution interface (Lee, 
201240) – RA-XRR  
1.97 Rb+ 3.6 H2O 6.3 H2O 
Height is calculated with respect to the mean height of topmost oxygen layer from the crystal. MD = molecular 
dynamics simulation. (RA-)XRR = (resonant anomalous -) X-ray reflectivity.  
For a charge neutral interface, the expected 50 % surface cation coverage is achieved 
within the error bars for both the Cs+ (53 ± 10 %), and the Rb+ (48 ± 10 %). Both 
XRR studies mentioned in Table 3 report only partial charge compensation for the 
Rb+: 37 %39 and 44 %40 surface coverage, which is still consistent with our error bars.  
Even when taking into account the fact that the accuracy of the structural parameters 
decreases when probing the more disordered solution layers, we find quite clear 
evidence for Cl- (25 ± 10 %) and Br- (20 ± 10 %) in the interface region. The presence 
of these negative charges in the interface region appears to indicate a charge 
uncompensated interface, but we should take into account all the atoms and ions of 
the crystal, solution and interface when considering charge neutrality. We should also 
keep in mind, when estimating the global and local charge of the sample, that SXRD 
is not capable to distinguish between the charge neutral water molecule and the 
negatively charged hydroxyl or the positively charged hydronium that can naturally 
occur in solution by water self-ionization process or induced by the X-rays probing 
the sample. We may thus assume overall charge neutrality.  
It’s interesting to discuss the local charge distribution at the interface in some more 
detail. As mentioned earlier, half a monolayer of cations needs to be adsorbed at the 
ditrigonal cavities in order to compensate for the excess charge arising from the 
random replacement of 25% of the bulk Si by Al. The local order in this layer is not 
known, but Figure 15 gives a sketch of a possible distribution. The random 
distribution leads to some ditrigonal cavities to have two Al ions, while other have one 
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(a fully random distribution will not occur, because otherwise some cavities could 
have three or more Al ions, leading to a very high local charge). If we assume that the 
extra charge of Al is exactly -1 with respect to Si and that this is divided evenly over 
the three cavities that the Al is part of, then two types of cavities are present: with 
charge -1/3 or charge -2/3 (see Figure 15). Since muscovite is an insulator, this 
simplified picture should have some merit. Each cavity thus is attractive for a cation, 
but it is most favorable for the cations to be located in those cavities that have two Al 
ions. This would mean that the (fixed) surface structure determines the location of the 
cations. Maybe in future a local probe like AFM can find this correlation of the cation 
location with the cavity structure.  
Figure 15. Schematic of the random 
distribution of Al in the surface unit cell. 
The Si (blue) is randomly replaced by Al 
(yellow) giving rise to a local charge. Each 
of these charges is shared by three cavities. 
Over the whole surface we have half of the 
cavities seeing (-1/3) charge and the other 
half (-2/3). The two types of cavities are 
randomly distributed at the surface. In red 
the topmost oxygen atoms are given. The 
height difference between the topmost 
oxygen layer and the Si/Al layer is 0.588 Å. 
In general, the highly ordered crystal is inducing stronger ordering in the out-of-plane 
direction than in the in-plane direction for the layers above the hydration ring, except 
the first water layer (z=7.1 Å) for the Rb – terminated sample. This is clearly visible in 
the much higher in-plane vibration parameter for the negative ions than their out-of-
plane vibration parameters, which means that these ions are very mobile in the lateral 
direction.  
As illustrated in Figures 10 and 14, the counter ions and the cations adsorbed at the 
crystal are sharing part of their hydration shell. The coordination number of the cation 
is completed by the six oxygen atoms forming the ditrigonal surface cavities and by 
the layer containing the negative ions. In this way we arrive at coordination numbers 
for the cation that are similar to the values in its hydrated form. Due to the interaction 
with the crystal structure and the neighboring counter ion, the coordination distances 
for the cations are shorter than those of its hydrated ion radius.  
The presence of both specular and non-specular rods in the data set helps in 
distinguishing the layers with and without in-plane ordering27,33. The degree of 
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ordering in the solution near the crystal surface is most conveniently visualized as the 
projected electron density, shown in Figures 7 and 11 for the CsCl and RbBr 
solutions, respectively. The (11) Fourier component depicted in these figures indicates 
the amount of in-plane ordering for each layer. Consistent with other solid-liquid 
interfaces reported in literature, beyond the ions and water molecules located in the 
ditrigonal cavities, only two additional solution layers show limited lateral ordering. 
Whether the cations are part of the crystal or not is almost a matter of semantics. 
From our XRD perspective, these ions are well ordered, with a well-defined position 
and small vibration parameters. One still expects these ions to be mobile on a 
timescale of seconds, but beyond what XRD can probe. Thus the cations have both 
solidlike and liquidlike properties.  
A direct comparison between the projected charge densities with other XRR and MD 
simulation studies is presented in Figure 16 and listed in Table 3. There is a relatively 
good agreement in most of the cases for the crystal part including the surface cations, 
but the disagreement increases as we go to the layers that are further away from the 
surface. This disagreement might partly originate from the different experimental 
conditions, in particular the concentration of the solution and the quality of the crystal 
used, but the details of the data analysis and model refinement should also be 
considered. The structural information about the solution layers away from the 
interface, for example, is only visible at the low 𝑙 values of the specular data, a region 
where we find that the angle-dependent correction for the X-ray absorption has a 
significant effect. Considering the poor consistency found between the results 
obtained by different experimental methods, it is difficult to identify the most accurate 
results.  
          
Figure 16. The z-projected electron density as seen In the (00) rod for muscovite – CsCl solution 
interface (top) and for muscovite – RbBr solution interface (bottom) and results from literature: 
molecular dynamics (MD) simulations24, 0.49 M and 0.01 M CsCl solution XRR measurements21, 
resonant anomalous XRR for 0.01 M39 and for 0.003 M40 RbCl solution.  
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Recent developments in AFM make it possible for this technique to be used for 
probing the ordering of the solution near an interface12. Such measurements, 
performed on the muscovite mica – water interface, revealed also the out-of-plane 
layering structure of the water in contact with the crystal as well as the rapid decrease 
of the degree of ordering when probing solution layers further away from the 
interface12. But, because the electron density cannot be derived from AFM 
measurements yet and because of the different experimental conditions, a direct 
comparison with our results is not possible.  
The use of a large data set including non-specular rods makes it easier to distinguish 
the partial ordering of the solution from crystal relaxations near the interface. In rods 
with large in-plane momentum transfer, like rod (33) or (40) in our data, the 
disordered solution is essentially invisible and exclusive sensitivity to the crystal 
structure is obtained. Since X-ray diffraction works best for the ordered parts, we are 
confident about our finding that the relaxations in the crystal are small and limited to 
the topmost four layers (within 5 Å of the crystal surface). In comparison, in the XRR 
analysis of Schlegel et al.21 relaxations for layers up to 40 Å deep in the crystal were 
included. Considering the structure of muscovite mica, it seems unlikely that the 
relaxations would propagate beyond the first bulk crystalline K+ layer from the 
surface, i.e. beyond a depth of 10 Å because bonds at this cleavage plane are very 
weak. If we limit our analysis to the specular rod, we find similar deep relaxations as 
Schlegel et al. This shows the advantage of a more extended data set to experimentally 
limit the number of the relevant fitting parameters. Despite the different treatment of 
the deep relaxations, the values for most significant relaxation, that of Cs+, are in good 
agreement. This is a consequence of the heavy Cs+ that dominates many of the 
features in the specular rod.  
3.4. Conclusions  
The present study precisely determines the adsorption site of the Cs+ and Rb+ to be 
the surface ditrigonal cavities of muscovite mica exposed to CsCl and RbBr solution. 
The out-of-plane relaxations of these cations, 0.44 ± 0.10 Å for Cs+ and 0.21 ± 0.08 Å 
for the Rb+, agree with their ionic radii and with the ionic radius of the K+ that they 
replace.  
We find evidence for the presence at the interface of hydrated negatively charged ions, 
ordered in the out-of-plane direction and highly disordered in the lateral direction. A 
hydration shell is shared by these surface cations and anions. The ordering in the 
Chapter 3 
- 50 - 
solution is limited to the first two/three layers. The important solid-liquid interface 
interactions are taking place in the 10 Å interface containing the topmost four atomic 
layers of the muscovite crystal and the 5-6 Å above it.  
The use of single-terminated mica surfaces enables the acquisition of a large data set 
with unique reflections. Such a large data set helps distinguishing the out-of-plane 
ordering from the ordering in the lateral direction and is limiting the number of free 
parameters used in data analysis. The use of heavy elements, with strong scattering 
power in the X-ray regime, Cs+ and Rb+, enhanced our surface sensitivity and the 
accuracy of the final results, although limited agreement was found with other XRR, 
resonant anomalous XRR and MD simulation results reported in literature.  
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The structure of muscovite mica - 
water interface using surface X-ray 
diffraction1  
 
Abstract  
The atomic level solid-liquid interface structure of single terminated muscovite mica in contact 
with water and low concentration KOH aqueous solution is determined using surface X-ray 
diffraction. The data consists of both specular and non-specular crystal truncation rods. We 
find that the surface K+ occupancy in water is somewhat below the value of 0.5 needed for 
charge neutrality, while it is above this value in the KOH solution. The surface K+ ions are 
located very close to their positions in bulk mica, thus in the centre of the ditrigonal surface 
cavities and are forming, towards the solution side, an inner-shell hydration complex. The 
crystalline muscovite surface induces lateral ordering in the first 2-3 Å of the interfacial liquid, 
and in the perpendicular direction in the first 7-10 Å.  
  
                                                          
1
 This chapter is based on an article under submission process for being published. List of authors: S. 
Pintea, W. de Poel, F.J van den Bruele, A.E.F. de Jong, R. Felici, E. Vlieg. 
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4.1. Introduction  
In its bulk form, muscovite mica (KAl2(Si3Al)O10(OH)2), is an important source of 
rare metals1, including vanadium, titanium and lithium. Nevertheless, the demand for 
muscovite mica in the last decades increased also because of the scientific and 
(potential) industrial applications, in most of the cases related to its large atomically 
flat surface area2. The cleaved (001) muscovite surface is often used as model surface 
for studying the oil-mineral reservoir interaction3,4,5 in order to improve the efficiency 
of the oil recovery process. Moreover, the atomically flat surface of muscovite mica is 
a perfect substrate for the growth of macromolecular (mono) layers6,7,8,9, the study of 
DNA molecules10,11 etc. Functionalized mica surfaces are used in geosciences and 
environmental sciences for studying various transport phenomena occurring in nature 
at the mineral-aqueous (ionic) solutions interface12.  
The muscovite surface is suitable for most surface science techniques, even when it 
only plays a secondary role in the experiment: atomic force microscopy (AFM)13, 
scanning tunneling microscopy (STM)14, X-ray photoelectron spectroscopy (XPS)15,16, 
Auger electron spectroscopy (AES)17, low energy electron diffraction (LEED)18, X-ray 
reflectivity (XRR)19, surface X-ray diffraction (SXRD)20, transmission electron 
microscopy (TEM)21 etc. In the surface science field, the surface force apparatus 
(SFA)22,23 is one of the applications where the flatness and transparency of mica play a 
crucial role.  
Recent X-ray reflectivity measurements on water confined in a mica nanoslit24 
revealed the strong water ordering induced by the confinement and the partial 
desorption of the surface K+ ions. The desorbed K+ ions are undergoing the 
transition from inner-shell hydrated state to outer-shell hydrated state in solution. 
Although the average electron density projected along the surface normal direction of 
the confined water was equal to that of the bulk water, a strong modulation of this 
electron density, limited to the first 15 Å, was observed. Other studies are claiming the 
complete exchange of the surface K+ with H3O+ for the mica immersed in water25 or 
the stability of the K+ at the surface of mica in electrolyte solution26.  
Previous experimental measurements and molecular dynamics (MD) simulations gave 
valuable information about the muscovite-water and muscovite-potassium rich 
electrolyte solid-liquid interface structure, but there are still many details under debate: 
the precise in- and out-of-plane location and coverage of the cations in the interface; 
the element composition and concentration of different layers at the interface; the 
Structure of muscovite – water interface using surface X-ray Diffraction 
- 55 - 
presence (or not) and role of negative ions in the vicinity of the negatively charged 
mica surface and the level and extent of water ordering and its role in the surface-
interface interactions. Partial surface K+ desorption from mica in contact with water 
was observed by Chodankar et al.24 using X-ray reflectivity measurements, while a 
complete K+ desorption was reported by Cheng et al.27 in a X-ray reflectivity study 
and by Sakuma and Kawamura in a MD simulations28 study. For the electron density 
modulation at the interface very different values are found by different authors. For 
example, the first peak of the z-projected electron density is located at 1.3 Å in the 
XRR study of Cheng and at 2.0 Å according to MD simulation of Sakuma.  
The lack of agreement on the details of the muscovite-mica interface with water is 
unsatisfying. In particular since in most experiments where mica is cleaved in air, the 
hydrophilic surface will rapidly be covered by a thin water film. The aim of this study 
is therefore to determine the muscovite-water interface structure as accurate as 
possible. We use the technique of surface X-ray diffraction for this. In order to obtain 
reliable results, we performed the analysis for two different aqueous solutions: 
ultrapure water and 10-4 M KOH solution. We have found that directly performing 
the experiment in (humid) air, thus under the conditions where muscovite mica is 
often used, leads to less reproducible results because the X-ray beam can induce 
partial desorption of the water film. This is absent in a much thicker water film, but 
under those conditions there is an increased probability for the K+ ions to desorb 
from the surface. For this reason, we performed the experiments also in a KOH 
solution, where the enhanced K+ concentration will strongly suppress such 
desorption. Extensive in situ surface X-ray diffraction data sets containing both 
specular and non-specular rods were recorded using a single terminated muscovite 
mica surface. In this way, both in-plane and out-of-plane details of the atomic 
structure are obtained. Only minor surface K+ desorption in water is observed, while 
in KOH solution there is an increased amount of K+ in the vicinity of the mineral 
surface. For both samples the bulk in-plane position of the surface K+ is maintained 
and the out-of-plane relaxation is zero (within the error bars). We find significant 
water ordering at the interface.  
4.2. Experimental methods and materials  
Surface X-ray diffraction is a well-known technique for structure determination of 
(buried) interfaces29,30,31. Experimental measurements consist of recording the 
modulated reflected intensity along the l direction of reciprocal space as a function of 
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the momentum transfer 𝑄 = ℎ ∙ 𝑎∗⃗⃗⃗⃗ + 𝑘 ∙ 𝑏∗⃗⃗⃗⃗ + 𝑙 ∙ 𝑐∗⃗⃗  ⃗, where 𝑎∗⃗⃗⃗⃗ , 𝑏∗⃗⃗⃗⃗  and 𝑐∗⃗⃗  ⃗ are the 
reciprocal lattice vectors and (hkl) the diffraction indices. Data sets were measured 
using the vertical z-axis diffractometer of ID03 beam line of the European 
Synchrotron Radiation Facility (ESRF) using monochromatic X-rays of 15 keV energy 
( = 0.8266 Å) and the environmental cell presented in Figure 1. For the muscovite 
mica in contact with water a freshly cleaved crystal was placed on the plateau of the 
cell, ultrapure water was dropped on it and extra water was added in the reservoir of 
the cell to prevent drying of the sample. Then the surface was sealed using a a mylar 
foil that was mounted leak tight using a rubber O-ring and a metal clamp (see Figure 
1). Similar treatment, but replacing the water with 10-4 M KOH aqueous solution, was 
applied for the muscovite mica in electrolyte solution, where the solution was 
prepared by dissolving KOH salt (Merck, > 85% pure) in ultrapure water at the 
desired concentration.  
  
 
 
 
Figure 1. The cell used for maintaining a 
controlled environment during the in situ 
SXRD measurements.  
A 1.00 x 0.02 mm2 (horizontal x vertical) beam size at the sample position was chosen, 
which gave a constant footprint of 1 x 2 mm2 at the angle of incidence of 0.6 that 
was used for all the non-specular rods. The beam characteristics were selected to 
minimize the attenuation of the signal when passing through the water/solution and 
mylar foil, to avoid absorption edges of the elements involved in experiment and to 
minimize the radiation damage (by lowering the radiation doses the sample was 
exposed to). The diffracted intensities were measured using a Maxipix 2x2 area 
detector and all the crystal truncation rods (CTRs) were measured in the stationary 
geometry32. The structure factor amplitudes were obtained from the diffracted 
intensities using a specially written script that applies all the necessary correction 
factors. To account for the variation in the absorption of the X-rays when passing the 
water/solution and mylar film covering the sample, an incident and exit angle 
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dependent correction factor was applied. This correction uses the 13 m thickness of 
the mylar foil and a 20 m water/solution film thickness as calculated by weighting 
the amount of the water/solution dropped onto the sample surface. The data 
averaging process was performed using an agreement factor of 5% in order to obtain 
proper error bars determined by the systematic errors. Complete data sets consisting 
of the (0 0), (1 1), (1 1̅), (1 3), (1 3̅), (3 3), (3 3̅), (0 2), (0 2̅), (2 0) and (4 0) 
rods, resulting in more than 2000 unique reflections per dataset, measured on a single 
terminated surface area, were recorded for each sample. The data fitting procedure 
was done using the ROD software33, where averaged scattering coefficients that take 
into account the 25% replacement of the bulk Si by Al atoms were used. The 
theoretical values of the anomalous dispersion coefficients at 15 keV were also used34. 
The atom positions in the bulk muscovite unit cell were taken from Guven (ICSD 
database, code 34921)35. During the fitting procedure, a weight decrease of the data 
points near the Bragg peaks was applied, in order to enhance sensitivity to the 
structural features at the interface. 
High quality muscovite mica sheet (S&J Trading Inc., Glen Oaks, New York) was cut 
in pieces of about 45 x 45 mm2 and cleaved after initiating the cleavage by a knife. 
After cleaving, the sample has a thickness of about 0.2 mm. The use of relatively thick 
and large sheets of mica on a flat plateau gives a sample surface of excellent crystalline 
quality and flatness. This greatly facilitates the surface X-ray diffraction experiments 
and avoids complications due to bending19.  
 
Figure 2. Left: side view of the muscovite mica structure showing our choice for the bulk unit 
cell and the glide plane (pink) that symmetrically relates the two cleavage planes: surface 
termination 1 and 2. An ideal cleavage would equally distribute the K+ ions of the cleavage plane 
on the two crystal faces (see the light blue line). Right: top view of a single terminated surface 
showing the random distribution of the 0.5 ML K+ ions in the surface ditrigonal cavities.  
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The side view of the structure of muscovite mica is shown in Figure 2. The 
monoclinic crystalline lattice (C2/c space group) has the following unit cell 
parameters: a = 5.1906 Å, b = 9.008 Å, c = 20.047 Å and  = 95.757. No 
degradation of the liquid film or the bulk part of muscovite was observed during the 
whole experiment. An ideal cleavage process would equally split the K+ ions forming 
the cleavage plane between the two resulting crystal faces, both with random 
distribution in the surface ditrigonal cavities (see Figure 2).  
4.3. Results and discussion  
4.3.1. Mapping the muscovite mica surface for single terminated regions  
The glide plane present in the bulk structure of muscovite mica symmetrically relates 
the K+ cleavage planes positioned at c = 0.25 and c = 0.75 in the conventional unit 
cell. The surface X-ray diffraction signals of the two surface terminations are different 
(see Figure 3). Precise control of the ratio of the two surface terminations probed by 
X-rays during the measurements is important for an accurate structure determination. 
In previous surface X-ray diffraction experiments where surface K+ ions where 
exchanged for Cs+ from an aqueous solution we mapped the sample surface by 
measuring the intensity of (1 1 1.3) reflection over a large area2. The termination 
assignment was done comparing the data with the simulated (1 1 l) crystal truncation 
rod obtained from the crystalline muscovite with half of the surface ditrigonal cavities 
filled by Cs+ ions. This was easy because of the large difference induced by the 
presence of the heavy Cs+ ions at the surface.  
 
 
Figure 3. The theoretical (1 1) crystal truncation 
rod of single terminated muscovite mica surface 
assuming different conditions: half of the surface 
cavities occupied by K+ at their bulk positions 
(dotted lines) and the surface covered by 0.5 ML 
K+ and 0.5 ML H2O both at the bulk K+ position 
(solid line). Mapping the surface was done at 𝒍 = 
1.4.  
In the present case, due to the much lighter K+ ions, the contrast is expected to be 
much smaller. Nevertheless, we found clear differences between the (1 1 1.4) and 
(1 1̅ 1.4) reflections for the sample in KOH solution when mapped over the entire 
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surface, see Figure 4. The fact that both reflections are constant, shows that this 
sample has a step-free area of about 12 x 12 mm2. By performing the experiments on 
the center of this area, measurements on a single termination are achieved. A similar 
mapping procedure was applied for the sample of muscovite mica in contact with 
pure water, but only one of the reflections was used in this case to map the surface 
area. 
From the analysis of the data, we find that the clear difference between the two 
reflections in Figure 4 is due to the effect of the ordered water at the interface. As 
Figure 3 shows, the calculated (1 1) rods without water are nearly identical for both 
terminations, but the addition of water leads to the significant difference found 
experimentally.  
 
 
 
 
Figure 4. The diffracted intensity of 
the (𝟏 𝟏 𝟏. 𝟒) and (𝟏 ?̅? 𝟏. 𝟒) 
reflections measured during the 
mapping procedure. 
4.3.2. Surface model used for data fitting  
Very extensive testing of models with various amounts of structural elements and 
fitting parameters was done. In this way a good estimate of the important structural 
parameters and their variation is obtained. Since X-rays are sensitive to the electron 
density, a similar fit can often be obtained by different combinations of atom type and 
occupancy, in particular for the more disordered liquid parts. We present here the 
model that yields an excellent fit while being as simple as possible. A schematic side 
view of the model is presented in Figure 5. On the right side of each atomic layer the 
free fitted parameters are listed: occ. - the occupancy; Bll and B - the in-plane and 
out-of-plane Debye-Waller parameters accounting in our case also for the level of 
ordering36; d(i) - displacement parameter along the i axis. In all the cases, water 
molecules are modeled using an oxygen atom because the contribution from the single 
electron of the hydrogen atoms is small due to the disorder in their position. There are 
no fitting parameters for atomic layers below the topmost crystalline oxygen, because 
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we found these layers did not relax at all when including them in more extensive trial 
models.  
 
Figure 5. Side view of the model used for surface/interface structure determination. The yellow 
shaded region highlights the unrelaxed crystalline region. In Cavity (1) K+ and water is allowed, 
while in Cavity (2) water for the muscovite – water interface and K+ for the muscovite – KOH 
solution interface are allowed. The model is completed by a hydration shell around Cavity(1), 
modeled by two hydration rings, and three water layers.  
The d() parameter is a complex in-plane displacement of the topmost crystalline 
oxygen layer that accounts for the changes in the rotation angle of the surface 
tetrahedral structures as shown in Figure 6 by the red arrows of the oxygen atoms.  
 
Figure 6. Top view of the surface fit model containing the two topmost crystalline layers and a 
typical surface cavity (1) with one of its hydration rings. The red arrows on the oxygen atoms in 
the magnified image denote the direction of the in-plane displacement accounting for the 
modifications in the surface tetrahedral rotation angle. The green arrows on the K+ ion in the 
cavity depict the in-plane relaxation allowed for compensating the tilted c axis of the muscovite 
crystalline structure.  
In cavity (1), as one can see in Figure 5,  there are two type of independently fitted 
elements allowed, potassium ions (K+) and oxygen (O) used for water molecule 
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modelling. In cavity (2) water is allowed for the muscovite – water system and K+ for 
the muscovite – KOH solution sample. In the ideal case of a perfect cleavage, the K+ 
ions from the ditrigonal cavities are compensating for the surface charges due to the 
replacement of 25% of the Si atoms by Al in the bulk. A perfectly charge-
compensated surface would have one positive charge per surface unit cell, which 
means 0.5 charges per cavity. The SXRD cannot distinguish between the two cavities 
of the surface unit cell, thus the 0.5 charge per cavity is modeled by allowing the 
presence of K+ in both cavities and setting its occupancy at 50% as starting parameter 
(which later becomes a fitted parameter). All the elements in the cavity are treated in 
the same way in terms of occupancy. Each element in (any of the) cavities has two 
displacement parameters: along the c axis for determining its out-of-plane relaxation 
and along the a axis in order to account for the compensation for the tilted c axis with 
respect to the a axis (=95.757).  
Around the ion in the first cavity a hydration shell is modeled by hydration rings of 
twelve oxygen atoms each. For each ring, centered on the element in the cavity, 
independent out-of-plane displacement, radius, in-plane and out-of-plane Debye-
Waller parameters are used during the data analysis (see Figure 6). The initial models 
contained several hydration rings, but it turned out during the fitting procedure that 
no more than two hydration rings are necessary for a good approximation of the 
hydration shell in the case of our samples. The hydration shell will of course contain 
much less than twelve water molecules, but the twelve-atom ring is used to model the 
disorder in the shell.  
The highly ordered crystalline substrate is expected to induce (limited) ordering of the 
water or aqueous solution covering it. To account for this, several water layers are 
allowed on the top of the already described structure. In practice it turns out that there 
are only two or three water layers needed to describe the muscovite - water or 
muscovite - KOH solution interface structure, respectively. Each layer is modelled by 
a single water molecule per surface unit cell. A higher occupancy than 100% is allowed 
in these layers in order to be able to generate the ~4.6 (or more) water molecules 
contained in a bulk water monolayer per surface unit cell. Partial ordering in the liquid 
is modelled using anisotropic Debye-Waller parameters. A high value of the Debye-
Waller parameter (i.e. B>2000) indicates in our case a completely disordered liquid 
layer. The Debye-Waller parameter is related to the root mean square of the vibration 
amplitude u (shown in the tables) through the formula: B = 8 2<u2>.  
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4.3.3. Muscovite mica - water solid - liquid interface structure 
Since X-rays are only sensitive to the charge density, in order to distinguish between 
different surface models during the data analysis, large data sets are needed. The final 
results for the muscovite mica in water sample, obtained using the model described in 
the previous paragraph, are summarized in Table 1 and shown in Figures 7-10.  
In Figure 9 the non-specular data for the measured rods together with the best fit 
(solid line) are depicted. The first two images, the comparison of rod (1 1) and (1 1̅) 
and that of the (0 2) and (0 2̅) rods, are proving that the single terminated surface 
selection and termination assignment were correctly done. The normalized χ2 value 
for the best fit of 2.82 is excellent when the size of the data set (more than 2400 
unique structure factors) and the relatively good agreement factor (5%) that 
determines the error bars are taken into account.  
For ease of discussion, we divide the system in three regions, the crystalline region, the 
interface region and the liquid region, that correspond to decreasing levels of ordering 
(see Figure 7).  
Table 1. Muscovite mica-water solid-liquid interface structure.  
Element 
z - height [Å] 
(w.r.t. c=2.25) 
Occupancy [%] (per 
cavity or surface unit cell) 
In-plane 
vibration (ull) [Å] 
Out-of-plane 
vibration (u) [Å] 
Water layer II 10.8 ± 2.0 3.5 ± 2 H2O/s.u.c.   2.8 ± 1.0  
Water layer I 6.7 ± 1.0 1.9 ± 1.0 H2O/s.u.c. 32 ± 2  1.6 ± 1.0  
Hydration 
ring II 
2.9 ± 0.2  
R = 2.9 ± 0.2 
5.2 ± 0.5 H2O/s.u.c.  30 ± 2 1.7 ± 0.5  
Watercavity  
2.3 ± 0.2 
a = 0.5 ± 0.1  
50 ± 10 % / cav. 1.7 ± 0.4  0.7 ± 0.3  
Hydration 
ring I 
0.75 ± 0.20  
R = 2.1 ± 0.2  
1.3 ± 0.5 H2O/s.u.c.  0.30 ± 0.20 0.12 ± 0.10 
Cavity 
K+ 0.09 ± 0.10 
a = - 0.02 ± 0.05 
45 ± 10 % / cav.  
0.14 ± 0.10 0.15 ± 0.10 
H2O 55 ± 10 % / cav.  
Obulk-top Δα = 0.5 ± 0.5 100 % (not fitted)  0.12 ± 0.10  0.20 ± 0.10  
The crystalline region is the muscovite single crystal up to the topmost oxygen layer. 
There is no occupancy parameter fitted for this region and the only displacement that 
is significant is d(α) accounting for the changes in the tetrahedral rotation angle, 
calculated using37: 𝛼 =
∆
0.047
, where Δ is the difference (in Å) between the mean high 
and mean low distances from the bulk K+ to the oxygen atoms forming the two 
ditrigonal cavities around it. For the surface K+ there is only the bottom ditrigonal 
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cavity that counts, giving a tetrahedral rotation angle of 7.6 (smaller than the bulk 
value of 8.1). The Debye-Waller parameters of this oxygen layer are also small, giving 
ull = 0.12  0.10 Å and u = 0.20  0.10 Å. The increase of the out-of-plane Debye-
Waller parameter with respect to its bulk  value is caused by the absence of the top 
part of the crystal. Both the small variation of the tetrahedral rotation angle and the 
small Debye-Waller parameters of the last crystalline layer are proving the rigidity of 
this part of the structure.  
 
Figure 7. The side view of the muscovite mica – water interface depicting the main regions of the 
structure. The z-projected electron density as seen in the (00) rod is shown by the black curve on 
the right side of the picture, while the red one shows the (11) Fourier component of this electron 
density.  
 
 
Figure 8. The experimental data and the best 
fit (solid line) for the specular rod of the 
muscovite-water solid-liquid interface. 
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Figure 9. The best fit (solid line) and the data for the measured crystal truncation rods.  
The interface region extends from the entity in the cavities up to about 3.5 Å from the 
origin (taken as the bulk position of the K+ cleavage plane). It contains, beyond the 
adsorbed elements in the cavity, the K+ hydration shell and two other water layers we 
call watercavity and hydration ring II. While the boundary between the crystalline and 
interface region is easy to define because of the abrupt termination of the muscovite 
crystal, the other limit of the interface region is somewhat arbitrary because of the 
continuous transition towards the decreasingly less ordered liquid phase. Although 
both K+ and water were allowed in cavity (1) by the fitting model, during the analysis 
the occupancy of the K+ went up to 70 % of the cavities (instead of the 50% expected 
for a complete surface charge compensation). At the same time the water allowed in 
the cavity was pushed out of its place ending up at about 2.3 Å height as the already 
mentioned watercavity. This must be seen as an unavoidable artefact induced by the 
fitting routines of the software used for data analysis and must be interpreted 
carefully. Since having 30% of the surface cavities empty is not feasible for our 
experimental conditions, the charge density corresponding to 70  10 % K+ must be 
reinterpreted as a combination of K+ and H2O with a total occupancy of 100%. The 
total number of electrons in H2O is 10, but because of the distribution within the 
molecule and the disorder of the water, we can assume that one only observes the 8 
electrons from oxygen. This leads to an occupancy of 45  10 % for K+ and 55  10 
% for H2O. Because we cannot separate them in the given conditions, both are 
sharing the same parameter values: 0.09  0.10 Å height, uII = 0.14  0.10 Å and u = 
0.15  0.10 Å. Around these cavities, the hydration ring made of about 1.3  0.5 water 
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molecules per surface unit cell, at 0.75  0.20 Å height has a radius of about 2.1  0.2 
Å. While its out-of-plane vibration parameter is rather small (solidlike), a strong 
increase of the in-plane vibration parameter is observed, as a sign of an increased 
disorder in the lateral direction of this layer.  
The watercavity, covering about 50% of the cavities, and the second hydration ring are 
forming the last two layers we include in this interface region. They are partly 
overlapping and together are forming a layer that is highly disordered in the lateral 
direction. This gives the broad electron density peak visible in Figure 7 at a height 
around 2.5 Å.  
 
 
 
Figure 10. The schematic of the interface 
region depicting the coordination distances 
of the surface K+ to various structural 
elements.  
Figure 10 shows the coordination nature and distances for K+ in the ditrigonal cavity. 
The distances to the watercavity and to the hydration ring are very similar, indicating they 
are both part of a hydration shell. On the other hand, the distance to the crystalline 
oxygen atoms forming the cavity is higher, likely because of the missing half of the 
crystal. The exact nature of the water at the interface region is not certain since we 
cannot exclude the presence in the solution of charged H3O+ and OH- naturally 
occurring in water by self-ionization process or, more likely, produced by the 
extended exposure to the hard X-ray beam during the measurements. The six 
crystalline oxygen atoms, the water from the hydration ring and the expelled watercavity 
are forming a continuous, although distorted, hydration shell around the K+ in the 
cavity.  
The topmost two water layers are only visible in the low 𝑙 region of the specular rod. 
They represent the final step in the transition from the higher order of the interface 
region towards the completely disordered liquid film on the top of the muscovite 
mica.  
4.3.4. The muscovite mica – KOH solution surface/interface structure 
The model and the data analysis for the muscovite – 10-4 M KOH solution interface 
are similar to those described for the muscovite mica-water interface. The final results 
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for the structural parameters are presented in Table 2. Like in the case of the aqueous 
sample, the interpretation of the results is based on the electron densities seen by the 
X-ray diffraction experiment. The total ordered part in the liquid is shown as the (0 0) 
component of the z-projected electron density in Figure 7 and extends to 
approximately 10 Å from the oxygen crystal surface. The lateral ordering, as shown by 
the (1 1) Fourier component of the electron density, is confined to approximately 3 Å. 
The final results contain in this case three water layers and a single hydration ring 
instead of two. The normalized χ2 value for the data set containing more than 2600 
unique structure factors is 3.02. The agreement factor determining the error bars was 
5%. Figures 11-14 show the side view of the interface structure together with the z-
projected electron density, the data and best fit for the specular and non-specular rods 
and the coordination nature and distances for the K+ in the ditrigonal cavity.  
Table 2. Muscovite mica – 10-4 M KOH aqueous solution solid - liquid interface structure.  
Element 
z - height [Å] 
(w.r.t. c=2.25) 
Occupancy [%] (per 
cavity or surface unit cell) 
In-plane 
vibration (ull) [Å] 
Out-of-plane 
vibration (u) 
[Å] 
Water layer III  z = 17 ± 2 28.5 ± 2.0 H2O/s.u.c.  38 ± 5  11 ± 2  
Water layer II z = 9.0 ± 1.0 7.4 ± 1.0 H2O/s.u.c. 49 ± 2  3.6 ± 1.0  
(H2O/K+)cavity  
z = 5.5 ± 0.5 
a = -0.02 ± 0.05  
35 ± 10 % / cav.  2.8 ± 0.5  0.8 ± 0.3  
Watercavity  
z = 3.3± 0.2 
a = - 0.05 ± 0.10   
11 ± 10 % / cav. 2.3 ± 0.5  0.57 ± 0.20 
Water layer I z = 3.0 ± 0.2 2.9 ± 1.0 H2O/s.u.c. 45 ± 5  0.40 ± 0.20  
Hydration ring  
z = 0.77 ± 0.20  
R = 2.0 ± 0.5  
2.8 ± 0.5 H2O/s.u.c.  0.69 ± 0.20 0.20 ± 0.10 
Cavity 
K+ z = 0.04 ± 0.10 
a = - 0.01 ± 0.05 
70 ± 10 % / cav.  
0.14 ± 0.10  0.14 ± 0.10 
H2O 30 ± 10 % / cav.  
Obulk-top Δα = 0.0 ± 0.5 100 % (not fitted) 0.14  0.10 0.16  0.10 
As shown in Figure 11, a similar way of dividing the solid-liquid interface in three 
regions like for the muscovite-water sample is used for the discussion. The changes in 
the properties of the crystalline region with respect to the water film on muscovite are 
very small: there is no significant change in the tetrahedral rotation angle and the 
solidlike vibration parameters: uII = 0.14  0.10 Å and u = 0.16  0.10 Å of the top 
oxygen layer in the crystal.  
The most important change induced by the replacement of the water with the 10-4 M 
KOH solution takes place in the interface region. Ignoring the water in the cavity, the 
occupancy of the K+ in the ditrigonal cavity is found to be 83.5  10 %. Again, in 
order to have all the cavities occupied, this percentage is reinterpreted as 70  10 % of 
Structure of muscovite – water interface using surface X-ray Diffraction 
- 67 - 
the surface cavities being filled with K+ and 30  10 % of them with water. The 
adsorption height (0.04  0.10 Å) and vibration parameters (uII = u = 0.14  0.10 Å) 
are very close to the pure water case. Around the cavity ions/molecules there is a 
hydration ring at 0.77  0.20 Å height with a radius of about 2.0  0.5 Å and only 
moderate out-of-plane disorder. This hydration ring, made of about 2.8  0.5 H2O 
molecules per surface unit cell, has a high in-plane vibration parameter of 0.69  0.2 Å 
and is the topmost layer of the interface that has still visible in-plane ordering in the 
(11) Fourier component of the z-projected electron density (see the red curve on the 
right side of Figure 11).  
 
Figure 11. The side view of the muscovite - 10-4 M KOH solution interface showing the main 
regions of the structure. The (00) - in black and (11) - in red Fourier components of the z-
projected electron densities are drawn at the right side of the figure.  
The water layers further away from the surface are increasingly disordered and form 
the liquid region. At a height of 5.5 Å there is a layer that seems relatively well-
ordered, but the real nature of this layer is difficult to reveal using surface X-ray 
diffraction because of the lack of element specificity of the method. The remaining 
layers yield the electron density shown in Figure 11 that is satisfyingly close to the 
density of liquid water (334 e-/nm3). Given the charged surface of the cleaved 
muscovite mica, the presence in this interface region of other charged entities like 
H3O+ or OH- rather than neutral water cannot be excluded (nor confirmed).  
 
 
Figure 12. The experimental data and the best fit 
(solid line) for the specular rod of muscovite 
mica – 10-4 M KOH aqueous solution interface 
structure.  
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Figure 13. The best fit (solid line) and the data for the measured crystal truncation rods. 
In Figure 14 a schematic of the vicinity of the K+ ion adsorbed in the ditrigonal cavity 
is shown. There is only little variation in the coordination distances of the K+ in KOH 
solution with respect to the case of pure water. The main change induced by the K+ 
rich electrolyte solution, is the increase of the surface K+ concentration to an apparent 
charge overcompensation, while the local structure of these ions is almost unchanged.  
 
 
 
Figure 14. The schematic of the interface region 
for the muscovite mica – 10-4 M KOH aqueous 
solution solid-liquid interface showing the 
coordination nature and distances for a K+ ion 
in the surface cavity.  
4.3.5. Discussion  
Our previous SXRD study on muscovite mica in contact with CsCl and RbBr aqueous 
solution revealed the precise position of the Cs+ or Rb+ cations in both the normal 
and lateral direction20. In that case the heavy ions from the solution facilitated the data 
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interpretation. In the present case, however, there is less contrast between the 
structure elements and the interpretation is more difficult. While there are subtle 
differences between the water and KOH cases that we will discuss below, on the key 
points both systems yield the same results. In both cases we find K+ ions on the 
surface in essentially the same location as in the bulk crystal. There is at most a small 
outward relaxation (< 0.1 Å). The K+ ions are surrounded by half a hydration shell 
that is truncated at the surface. The large data sets further unambiguously show that 
the relaxations in the crystal layers near the interface are negligible (< 0.02 Å) and that 
the liquid shows ordering in the out-of-plane direction up to a distance of 10 Å from 
the surface. In-plane ordering is only present within 3 Å from the surface. This 
therefore describes the structure of a freshly cleaved mica surface in air, in which case 
the coverage of K+ will be 0.5. 
By passing from the muscovite interface with water to that with KOH solution, the 
amount of K+ in the cavities is increased significantly (from 45% to 70%) and a 
similar effect is visible in the occupancy of the water in the hydration shell that rises 
from 1.3 to 2.8 H2O molecules per surface unit cell. There is also a small difference in 
the vibration parameters of the hydration shell in the two cases (uII-H2O = 0.30  0.20 
Å, uII-KOH = 0.69  0.20 Å and u-H2O = 0.20  0.10 Å, u-KOH = 0.12  0.10 Å). In 
terms of atomic positions, the two interfaces are practically identical for these three 
layers. We should avoid over-interpreting the data by noticing the strong coupling that 
exists between the occupancy and the Debye-Waller parameters in the fitting 
procedure.  
For the clean water case, the K+ occupancy of 45  10 % indicates a small 
undercompensation even though normal neutrality is clearly within the error bars. 
Some additional K+ may be present, e.g. as an outer-hydration shell complex, but in 
such a disordered state that we cannot distinguish it from the water. Such hydrated K+ 
will then have a longer residence time near the surface than in the solution, an effect 
also seen in other studies38.  
In the KOH case, the K+ occupancy of 70  10 % shows charge overcompensation. 
In this case, overall charge neutrality is attained by OH- near the interface. Using 
surface X-ray diffraction we cannot distinguish water from OH-, but the increased 
water order we observe at z = 2.47 Å in the case of KOH can well be explained by the 
stronger bonding of OH-. The quite strong electron density at z = 4.85 Å may than be 
hydrated K+. In this scenario, there would thus be several layers of alternating charge, 
but the present data does not provide hard evidence for this.  
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Next we compare in more detail our results with those reported in the literature. Table 
3 summarizes this for both the interface with water and with KOH and Figure 15 
shows the corresponding z-projected electron densities. The distances are given with 
respect to the mean height of the topmost oxygen layer forming the ditrigonal cavities.  
Whether there is K+ present at the interface in water will depend on the preparation 
conditions. When a mica surface is immersed for a long time in water with a sufficient 
amount of H3O+ molecules present, the K+ will be replaced and this appears to be the 
condition used in the X-ray reflectivity study by Cheng et al.27 and modelled using a 
MD simulation by Sakuma et al28. These two cases are listed in Table 3 for 
completeness, but they cannot directly be compared to the case with K+. When the 
amount of water is limited, either by using ambient conditions or having only a thin 
water film, K+ ions are present. This is seen in our case, but also in the recent AFM 
studies of Campbell et al.39 and of Kimura et al13.  
Table 3. Comparison of the interface region with results from literature  
 1st electron density 
peak 
2nd electron density 
peak 
3rd electron density 
peak 
z [Å] Element  z [Å] Element z [Å] Element 
Water - muscovite (Cheng, 
2001) – XRR27 
1.3 H2O 2.5 H2O 4.5 H2O 
Water - muscovite (Sakuma, 
2011) – MD28  
2.0 H2O 3.0 H2O 5.9 H2O 
Water - muscovite (this 
study) – SXRD  
1.79 K+/H2O 2.45 H2O 4.00 H2O 
Muscovite - 10-4 M KOH sol. 
(this study) - SXRD  
1.74 K+/H2O 2.47 H2O 4.85 H2O 
Muscovite - 10-2 M KCl sol. 
(Schlegel, 2006) - XRR40  
1.67 K+/H2O 3.8 H2O 6.3 H2O 
K - Muscovite - (Sakuma 2011) 
- MD28  
1.7 K+ 3.4 H2O 6.1 H2O 
The z – height  is calculated with respect to the mean height of topmost crystalline oxygen layer.  
MD = molecular dynamics simulation. XRR = X-ray reflectivity.  
   
Figure 15. The z-projected electron densities as seen in the (00) rod for muscovite in water (top) 
and for muscovite in KOH solution (bottom) and results from literature: MD simulation and 
XRR measurements. 
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All four studies with K+ present at the interface are in good agreement on the height 
of this ion. For subsequent layers, however, there is no such agreement, except for the 
fact that the liquid ordering decreases over a distance of about 10 Å. This is clear from 
the z-projected electron densities shown in Figure 15.  
The differences between our results and those reported by other authors might be 
caused by the different environment in which the measurements were performed (the 
solution concentration or the quality of the crystals used), but details of data analysis 
and model refinement should also be considered. The structural information about the 
solution layers away from the interface is only visible at the low 𝑙 values of the 
specular data, a region where the angle-dependent correction for the X-ray absorption 
has a significant effect. In terms of properties of the elements within the first 10 Å 
from the topmost crystalline oxygen, the present results are consistent with our results 
on muscovite mica in contact with either RbBr or CsCl aqueous solution20. Whether 
the cations (or the molecules in the surface cavities) are part of the crystal or not is a 
matter of semantics. From our XRD perspective, these elements are well ordered, 
with a well-defined position and small vibration parameters. One still expects the 
cations to be mobile on a timescale of seconds, thus beyond what XRD can probe. 
Thus they have both solidlike and liquidlike properties.  
The out-of-plane layering of water in contact with muscovite mica was also evident in 
AFM observations, but, unfortunately, a direct comparison is not possible because the 
electron density cannot be derived from AFM measurements13.  
In rods with large in-plane momentum transfer, like rod (33) or (40) in our data, the 
disordered solution is essentially invisible and exclusive sensitivity to the crystal 
structure is obtained. Since X-ray diffraction works best for the ordered parts, we are 
confident about our finding that the relaxations in the crystal are undetectable in these 
experimental conditions. In comparison, in the XRR analysis of Schlegel et al.40 
relaxations for layers up to 30 Å deep in the crystal were included. Considering the 
structure of muscovite mica, it seems unlikely that the relaxations would propagate 
beyond the first bulk crystalline K+ layer from the surface, i.e. beyond a depth of 10 Å, 
because bonds at this cleavage plane are very weak. 
4.4. Conclusions  
In the present study we precisely determined the atomic positions of the elements 
present in the ditrigonal cavity at the muscovite-water and muscovite-KOH solution 
solid-liquid interface.  
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Clear evidence for a well-defined hydration shell around the K+ ion in the ditrigonal 
cavity was found. While the lateral ordering is strictly limited to the first two solution 
layers, the out-of-plane ordering extends up to 10 Å from the topmost oxygen layer of 
the mica.  
The use of the large data set measured on single terminated muscovite helps to 
distinguish the out-of-plane ordering from the ordering in the lateral direction of the 
interface entities.  
There is only limited agreement between our results and other XRR and MD 
simulation results reported in the literature on similar samples. The studies agree on 
the location of the cations, but there is a strong difference between the reported 
structure of subsequent liquid (and more disordered) layers. For further investigations, 
combined scientific methods might be needed to clearly distinguish or determine the 
best (or better) surface model for these solid-liquid interfaces.  
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Chapter 5 
 
Solid-liquid interface structure of 
muscovite in  
divalent ionic solutions1  
 
Abstract  
The structure of the solid-liquid interface formed by muscovite mica in contact with two 
divalent ionic solutions is determined using surface X-ray diffraction. The surface sensitivity of 
the measurements is enhanced by the use of the heavy elements Ba2+ and Sr2+. Specular and 
non-specular crystal truncation rods of freshly cleaved mica treated with SrCl2 and BaCl2 
aqueous solution were measured. The half monolayer of monovalent potassium present at the 
surface after cleavage is replaced by half this amount of divalent ions leading to a charge 
neutral interface. The adsorption site of the divalent ions is determined to be in the surface 
ditrigonal cavities with no or small out-of-plane relaxations with respect to the bulk potassium 
position. The divalent ions are adsorbed in partly hydrated state and also evidence is found for 
hydrated negative ions in the vicinity of the interface. The liquid ordering induced by the 
presence of the highly ordered crystalline mica is limited to the first 8-10 Å from the topmost 
crystalline oxygen layer.  
  
                                                          
1
 This chapter is based on an article under submission process for being published. List of authors: S. 
Pintea, W. de Poel, A.E.F. de Jong, R. Felici, E. Vlieg. 
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5.1. Introduction  
Muscovite mica, the most common form of mica, finds many scientific and 
technological applications derived from its bulk and surface properties. Its atomically 
flat (001) surface1 is a perfect substrate for the macromolecular (mono) layers 
growth2,3,4,5, the study of DNA6,7 or for functionalization by surface ions exchange8. It 
is also often used as a model surface for the crude oil-mineral reservoir 
interaction9,10,11 investigations in order to increase the efficiency of the oil recovery 
process.  
The number of surface science methods that can be performed on cleaved muscovite 
mica is remarkable, although in many cases mica only plays a secondary (substrate) 
role in the measurements: atomic force microscopy12, scanning tunneling 
microscopy13, transmission electron microscopy14, X-ray photoelectron 
spectroscopy8,15, Auger electron spectroscopy16, low energy electron diffraction17, X-
ray reflectivity18, surface X-ray diffraction1,5 etc. A major scientific application of mica 
is the surface force apparatus19,20 where its flatness and transparency play a crucial 
role.  
From previous X-ray reflectivity (XRR) measurements on similar experimental 
conditions important structural details are already known. From the resonant 
anomalous XRR study of Park et al.21, the most similar study to our Sr-terminated 
muscovite sample, where the muscovite mica is treated with 10-2 M Sr(NO3)2, two 
adsorption sites for the Sr2+ at 1.26 Å and 4.52 Å are determined. The two heights 
correspond to inner-sphere and outer-sphere hydration complexes, respectively. A 
small overcompensation of the surface charges is also found, together with a 
modulation of the z-projected electron density.  
For the Ba2+ adsorption on the muscovite surface we have two similar measurements 
available in the literature22,23. Although their experimental conditions are relatively 
similar to each other, with the concentration of the solution as the main difference (5 
x 10-3 M vs. 10-2 M BaCl2 aqueous solution), their results are significantly different. In 
the study of Schlegel et al. the z-projected electron density peaks are found at about 
2.20 Å, 4.85 Å and 8.35 Å height from the topmost oxygen layers of the crystalline 
mica, while in the case of Lee et al. there are peaks at 1.98 Å, 3.02 Å, 5.12 Å and 8.8 Å. 
In both studies relaxations of the atomic layers as deep as two unit cells from the 
surface (about 40 Å) are allowed, which increased the number of the free parameters 
and lead to drastic improvement of the fit to the data.  
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There is no evidence for the negative ions present at the interface region in any of the 
previously reported results. Moreover, the lateral position of the cations adsorbed in 
the ditrigonal cavities is rather assumed than determined (due to the intrinsic 
limitation of the X-ray reflectivity method to the structural information along the 
normal to the sample surface direction).  
This research aims for the full structural characterization of the solid-liquid interface 
formed by the crystalline muscovite mica in contact with aqueous solutions of SrCl2 or 
BaCl2. The use of a large data set containing reflections from specular and non-
specular crystal truncation rods, measured on a single terminated muscovite mica spot, 
enables the determination of both in-plane and out-of-plane structural details of the 
interface. The half monolayer of surface K+ ions present after cleavage are replaced by 
half this amount of divalent ions adsorbed at the interface in a partly hydrated state. 
Their lateral location in the ditrigonal surface cavities is determined and limited 
ordering of the liquid phase (water/solution) is observed.  
5.2. Experimental details  
Surface X-ray diffraction is a well-known method for studying surfaces and (buried) 
interfaces24,25,26. The modulation of the reflected intensity along the 𝑙 direction of 
reciprocal space is measured as a function of the momentum transfer 𝑄 = ℎ ∙ 𝑎∗⃗⃗⃗⃗ + 𝑘 ∙
𝑏∗⃗⃗⃗⃗ + 𝑙 ∙ 𝑐∗⃗⃗  ⃗, where 𝑎∗⃗⃗⃗⃗ , 𝑏∗⃗⃗⃗⃗  and 𝑐∗⃗⃗  ⃗ are the reciprocal lattice vectors and (ℎ𝑘𝑙) the 
diffraction indices. For the experimental measurements the vertical z-axis 
diffractometer of ID03 beamline of the European Synchrotron Radiation Facility 
(ESRF) was used. A monochromatic X-ray beam with 15 keV energy (=0.8266 Å) 
and 1.00 x 0.02 mm2 size at the sample position was directed to the sample under an 
incident angle of 0.6 for all the non-specular crystal truncation rods. The diffracted 
intensities were recorded using a Maxipix 2x2 area detector and measurements were 
performed in a stationary geometry27. Structure factor amplitudes were obtained by 
integrating the diffracted intensities using a specially written script that applies all the 
necessary correction factors. To account for the non-linear variation of the X-ray 
absorption when passing through the water and mylar foil covering the muscovite 
mica, an incident and exit angle dependent correction factor was applied during the 
integration. This correction uses the 13 m thickness of the mylar foil and 20 m for 
the water/solution film on top of the sample. The beam characteristics were selected 
to avoid the presence of the absorption edges for the elements involved in the 
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measurements, to minimize the radiation damage on the sample and to maximize the 
signal to noise ration while passing through the solution and mylar foil.  
 
Figure 1. The side view (left) and top view (right) of the muscovite mica structure. The colored 
part on the left side image shows our choice for the bulk unit cell and the glide plane (pink) that 
symmetrically relates the two possible cleavage planes (at c = 0.25 and c = 0.75, surface 
termination 1 and surface termination 2, respectively). An ideal cleavage plane will equally and 
randomly distribute the K+ ions on the two facets of the crystals resulting after cleavage which 
would be compensated by 0.25 monolayer of divalent ions randomly distributed on the surface, 
as mimicked in the right side image.  
High quality muscovite mica sheet, KAl2(Si3Al)O10(OH)2, supplied by S&J Trading 
Inc., Glen Oaks, New York, with the structure presented in Figure 1, was cut to pieces 
of 45 x 45 mm2. A big sample size was chosen to minimize edge effects and to 
provide a large flat area for accurate experiments. The unit cell parameters for the 
monoclinic crystalline lattice (C2/c space group) of muscovite mica are: a = 5.1906 Å, 
b = 9.008 Å, c = 20.047 Å and =95.747. A freshly cleaved muscovite piece was 
immersed in 10-2 M aqueous solution of either SrCl2 or BaCl2 for about 20 minutes. 
Both salts were high purity (Sigma Aldrich code 439665 and 202738) dissolved in 
ultrapure water (resistivity 18.2 Mcm). After removal from the solution, the 
sample was placed on the plateau of a controlled environment cell described in §3.2, 
and then mounted on the diffractometer. Some additional solution drops were added 
to the sample surface and to the reservoir of the cell and then mylar foil (13 m; 
Lebow Company, Goleta, California), a metal ring and a rubber ring were used to seal 
the surface part to prevent surface drying. No degradation of the liquid film or the 
sample surface was noticed during the experiment.  
It is important to have proper error bars in the data analysis. In surface X-ray 
diffraction measurements two type of error bars can be distinguished: statistical and 
systematic errors. Due to the high value of the photon counts, the statistical errors are 
very small and the real error bars are determined by the systematic errors that are 
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often estimated using the symmetry equivalent reflections. In our care, however, the 
single terminated muscovite surface measured is not giving for any symmetry 
equivalent reflection. During previous measurements of muscovite in CsCl and RbBr 
solution28, performed in similar experimental conditions (the same beam size, energy, 
diffractometer etc.) an agreement factor of 5% defining the systematic errors was 
determined and we also use this value for the present study. Complete data sets, 
consisting of thirteen crystal truncation rods were measured: (0 0), (1 1), (1 1̅), 
(1 3), (1 3̅) (3 3), (3 3̅), (0 2), (0 2̅), (0 4), (0 4̅), (2 0) and (4 0).  
The data fitting was performed using ROD software29 that applies a 2 minimization 
algorithm to the experimental data and a parametrized model comparison. In the 
calculations the ionic scattering coefficients30 for Sr2+, Ba2+ and Cl-, averaged 
scattering coefficients taking into account the 25 % S/Ali bulk substitution and 
theoretical values of the anomalous dispersion coefficient at 15 keV were used31. For 
the muscovite bulk model the atomic positions from Guven32 (ICSD database code 
34921) were used. The use of heavy ions of Sr2+ and Ba2+ facilitates the X-ray analysis 
owing to their strong scattering power.  
5.3. Results and discussion  
5.3.1. Selecting the single terminated surface area  
The two cleavage planes of mica at c = 0.25 and c = 0.75 are symmetrically related by 
the glide plane of the muscovite bulk unit cell. Although identical from a chemical and 
elemental composition point of view, the two terminations are giving a different 
surface X-ray diffract ion signal (see section §3.3.1 for more details).By measuring the 
diffracted intensity at a certain 𝑙 value, where we have a significant difference between 
the signals of the two terminations, we can assign a certain termination (in case of 
single terminated surface) to the measured sample area. We chose 𝑙 = 1.4 and 
measured the intensity for different spots on the sample over an area of 12 x 12 mm2. 
The replacement of the surface K+ by Ba2+ was done on the bulk location of the 
monovalent ion, which turned out to be a sufficiently good approximation to allow 
accurate termination assignment. A similar mapping procedure was applied for the 
muscovite mica surface treated with 10-2 M SrCl2 aqueous solution.  
5.3.2. Fitting and surface models 
During the data analysis several models were tried in order to find the one that best 
fits our data. We also tried to allow different heights for the cation in the surface 
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cavity, to check for different adsorption sites of the same species. The model that best 
fits our data is shown in Figure 2 and Figure 3. On the right side of the first figure all 
the free parameters for each atomic layer are enumerated: occ. - occupancy; Bll and B 
- the in-plane and out-of-plane Debye-Waller parameters accounting in our case for 
the level of ordering as well33; d(i) - displacement parameter along the i axis. Because 
the scattering of the X-rays due to the hydrogen atoms can be neglected, in all the 
cases the water molecule was modeled as a single oxygen atom. There is no fitting 
parameter for the crystalline muscovite atoms except the topmost four atomic layers.  
 
Figure 2. Side view of the surface model used for data analysis. The yellow shaded region 
highlights the fixed crystalline region. In the ditrigonal cavity three types of elements are 
allowed: Sr2+/Ba2+, water and Cl-. Around the positive ions in the cavity a hydration shell is 
modeled by rings of twelve oxygen atoms. The model is completed by three water layers,  
 
Figure 3. The top view of the muscovite surface model where, for clarity reason, only the topmost 
SI/Al and O muscovite crystalline layers, the cations in the cavity and a typical hydration ring 
are shown. The direction of the movement of bulk oxygen atoms when changing the tetrahedral 
rotation angle is represented by the red arrows on the magnified image.  
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The changes in the surface tetrahedral rotation angle are observed through the 
displacement of the topmost oxygen layers presented in Figure 3 by the red arrows in 
the magnified image.  
In the surface cavities three type of entities are allowed: the cations exchanging the K+ 
(Sr2+ or Ba2+), water and the Cl- ions also present in the solution. The negative ions 
were allowed at higher starting positions than the positive ones and the water and they 
were meant to check if there is any propagated ordering mediated by the hydration 
shell expected around the positive ions compensating for the charged surface. After 
cleavage, ideally speaking, half of the K+ ions along the cleavage plane will be found 
on the surface of the sample (the other half is cleaved away with the second part of 
the crystal). Due to the random replacement of 25 % of the bulk Si with Al, the 
location of the surface K+ is also randomly distributed in the ditrigonal cavities giving 
one charge per surface unit cell, i.e. per two cavities. In order to compensate for this 
charge, only one Sr2+ or Ba2+ ion is needed for four cavities, also randomly distributed. 
By surface X-ray diffraction we cannot distinguish between the cavities occupied and 
unoccupied by these cations and in order to model this random distribution all the 
cavities are allowed to have these ions present and their occupancy is treated as a 
fitting parameter (with a starting value of 25 %). All the elements present in the 
cavities are treated in the same way in terms of occupancy. Moreover, each element in 
the cavity has two displacement parameters: d(c) - along the c axis and determining 
the adsorption height of the element and d(a) - along the a axis and counting for the 
level of compensation for the tilted c axis with respect to the a axis (=95.757).  
Around the cations in the cavity a hydration shell was modeled by hydration rings that 
are mimicking a uniform charge distribution in the lateral direction (see Figure 3). 
Each hydration ring, centered on the element in the cavity, independent out-of-plane 
displacement, radius, in-plane and out-of-plane Debye-Waller parameters were used 
during the data analysis. Initial models contained several rings, but during the data 
analysis it turned out that two hydration rings are sufficient for a good approximation 
of the hydration shell of our samples.  
The highly ordered crystalline substrate is expected to induce (limited) ordering of the 
water and of the solution film covering it. To account for this, on the top of the 
already described system, several water layers are allowed, each modeled by a single 
water molecule (or, more precisely, a single oxygen atom) per surface unit cell. In 
order to generate the electron density corresponding to the ~4.6 water 
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molecules/surface unit cell generated by a uniform monolayer of water, the occupancy 
of this layer is allowed to go higher than 100 %. The partial ordering of the liquid is 
modeled using anisotropic Debye-Waller parameters. A high Debye-Waller parameter 
(i.e. B>2000) indicates in our case a completely disordered liquid layer. The Debye-
Waller parameter is related to the vibration amplitude (given in the tables with the 
results) through the formula: 𝐵 = 8 ∙ 𝜋2〈𝑢2〉.  
During the fitting procedure the surface sensitivity was increased by decreasing the 
sensitivity for the bulk crystal signal (around the Bragg peaks). This was done by 
increasing the error bars for the points within 0.3 units along the 𝑙 direction on each 
side of these Bragg reflections.  
5.3.3. The structure of muscovite-SrCl2 solid-liquid interface  
The results for the muscovite mica - 10-2 M SrCl2 solution interface structure are 
presented in Table 1 and shown in Figures 7-10. In Figure 6 the data and best fit for 
the non-specular crystal truncation rods are given. The very good agreement between 
the (1 1) and (1 1̅) rods, especially around 𝑙 = 1.4 where the mapping was done, 
proves the accuracy of the single termination selection and assignment. The 
normalized 2 value for the whole data set (of about 2500 data points) was 3.04, 
considered satisfactory given the relatively small (5 %) agreement factor defining the 
error bars and the large data set analyzed.  
For the discussion we divide the interface in three regions: the crystalline region, the 
interface charged region and the liquid region.  
The crystalline region is characterized by negligibly small out-of-plane relaxations for 
the topmost four atomic layers of muscovite composing it. This small relaxation 
together with the very small change in the tetrahedral rotation angle (0.4  0.5) for 
the topmost silicate confirms the rigid structure of muscovite mica. The tetrahedral 
rotation angle was calculated according to the formula34: 𝛼 =
∆(Å)
0.047
, where Δ is the 
difference (in Å) between the mean high and the mean low distances from the bulk 
K+ to the oxygen atoms forming the two ditrigonal cavities around it. For the surface 
tetrahedrons, only the oxygen atoms on one side of the cleavage plane were taken into 
account, leading to an angle of 7.6 (while for the bulk muscovite we find an angle  
= 8.1).  
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Table 1. The structure of muscovite mica-SrCl2 aqueous solution solid-liquid interface  
Element 
z - height [Å] 
(w.r.t. c=2.25) 
Occupancy [%] 
(per cavity or 
surface unit cell) 
In-plane vibration 
(ull) [Å] 
Out-of-plane 
vibration (u) [Å] 
Water layer II 14.9 ± 0.5 24 ± 5 H2O/s.u.c.    11.4 ± 0.5  
Water layer I 7.4 ± 0.3 8.7 ± 3 H2O/s.u.c.   4.8 ± 0.5  
Watercavity 
4.0 ± 0.3 
a = 0.24 ± 0.02  
110 ± 15 % / cav.  1.7 ± 0.3  1.3 ± 0.3 
Cl-cavity 
3.1 ± 0.2 
a = 0.01 ± 0.03  
40 ± 10 % / cav. 1.1 ± 0.2  0.18 ± 0.10  
Hydration ring  
0.89 ± 0.20  
R = 2.7 ± 0.3  
3.7 ± 0.5 
H2O/s.u.c.  
0.85 ± 0.10 0.77 ± 0.10 
Cavity 
Sr2+ 0.04 ± 0.10 
a = -0.2 ± 0.02 
24 ± 10 % / cav.  
0.18 ± 0.10  0.14 ± 0.10 
Water 76 ± 15 % / cav. 
Obulk-top 
Δ() = 0.4 ± 0.5 
z = - 0.01 ± 0.10 
100 % (n.f.) 0.14 ± 0.10  0.12 ± 0.10  
Si/Albulk z = - 0.02 ± 0.10 100 % (n.f.) n.f. n.f. 
Obulk-deep  z = 0.05 ± 0.10 100 % (n.f.) n.f. n.f. 
Albulk z = 0.01 ± 0.10 100 % (n.f.) n.f. n.f. 
n.f. = not fitted  
The interface region includes the hydrated ions populating the cavities, their hydration 
shell/ring and the layer containing the negative ions. An ideal cleavage and surface 
charge compensation should lead to 25 % of the surface cavities filled by Sr2+ 
compensating for the negatively charged muscovite surface. However, during the 
fitting procedure, although we allowed for the presence in the cavity of Sr2+, H2O and 
Cl-, only the Sr2+ was accepted by the fitting routine and (as an artefact) the other two 
species were replaced at relatively high distances from the surface. In the same time, 
the occupancy of the Sr2+ went up occupying more than 41 % of the cavities. This 
creates the image of almost 60 % empty cavities at the surface and determines us to 
reinterpret the 41 % of Sr2+ occupancy as 24 % Sr2+ and 76 % water in these 
ditrigonal sites, based on 100 % occupancy for the cavities. By this surface X-ray 
diffraction experiment we cannot distinguish between the water and hydronium that 
can occur in solution by self-ionizing process or as an effect of the hard X-ray beam – 
aqueous solution interaction. Moreover, since both elements considered in the cavities 
are originating from the reinterpretation of the same initial occupancy, they share the 
same properties: z = 0.04  0.10 Å, ull = 0.18  0.10 Å and u = 0.14  0.10 Å.  
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Figure 4. The side view of the muscovite mica-10-2 M SrCl2 solid-liquid interface structure 
depicting the different regions. On the right side of the figure the z-projected electron density as 
seen in the (00) rod is drawn in black and the one of (11) rod in red.  
 
 
 
Figure 5. The experimental data and best fit 
(solid line) for the specular rod of the 
muscovite mica-SrCl2 solution interface.  
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Figure 6. The best fit (solid line) and 
the measured crystal truncation rods 
for the muscovite mica-SrCl2 solution 
solid-liquid interface.  
At z = 0.89  0.20 Å, a hydration ring made of 3.7  0.5 H2O molecules/surface unit 
cell, is linking the ions (molecules) in the cavity to the atomic/molecular layer 
containing the Cl- ions. This hydration shell has a radius of 2.7  0.3 Å and higher 
vibration parameters than the ions/molecules in the cavity: ull = 0.85  0.10 Å and u 
= 0.77  0.10 Å. The size of the hydration ring in terms of atoms (twelve) was chosen 
to be high enough in order to mimic a continuous uniform electron density because 
the exact in-plane orientation of the relatively weakly bonded and mobile water 
molecules is not detectable in this diffraction experiment. On top of the hydration 
ring we have the layer containing the negative (Cl-) ions that we also included in the 
charged region. It appears that about 40% of the cavities are occupied by Cl- at a 
height of z = 3.1  0.2 Å. Judging the electron density shown in Figure 4, this 
negatively charged layer is the last one having (limited) ordering in the lateral direction.  
In Figure 7 a schematic of the typical coordination around the cation in the cavity is 
shown. Although there is a difference between the lateral and the top/bottom 
coordination distances, there is good agreement between the top and the bottom 
layers coordinating the Sr2+: 3.03 Å and 3.04 Å, respectively. The shortest Sr2+ - Cl- 
distance of 3.03 Å we find here is perfectly correlated with the sum of the ionic radius 
of the two elements35: rSr(2+) = 1.26 Å and rCl(-) = 1.81 Å. On the other hand, the mean 
coordination distance between Sr2+ and the hydration ring of 2.85 Å is much smaller 
than the radius of the hydrated ion (~4.6 Å)36. We should note that we are discussing 
here the mean distances, while in reality there might be differences induced by a 
different coordination type or by taking into account the relatively high vibration 
parameters that the elements involved have (see Table 1).  
 
 
 
Figure 7. The schematic of the coordination 
distances and nature for a typical Sr2+ occupied 
ditrigonal cavity.  
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The liquid region, made of the water in the cavities and other two water layers are the 
transition layers from the highly ordered crystalline muscovite to the completely 
disordered solution film present at the sample surface. As one can see in the (0 0) and 
(1 1) Fourier components of the z-projected electron density (see Figure 4), there is 
no (or very little) ordering of these layers in the lateral direction. Their influence in the 
data is only visible in the low 𝑙 region of the specular rod, where also the angle 
dependent correction for the X-ray absorption applied during the data averaging has 
an important effect.  
5.3.4. The structure of muscovite-BaCl2 solid-liquid interface  
The results for the muscovite mica 10-2 M BaCl2 solid-liquid interface structure are 
summarized in Table 2 and shown in Figure 8. There are changes in the ordering and 
composition of the interface in this case with respect to the muscovite – SrCl2 
solution interface. The data set is similar in size (>2800 unique reflections) and gave a 
normalized 2 of 2.10 using the same agreement factor as in the previous dataset (5%). 
We did not include the out-of-plane relaxations of the topmost crystalline oxygen 
layers in the fitting procedure since we are not sensitive at this region, likely due to the 
Ba2+ (these relaxations were very small for the Sr-terminated sample, anyway). This 
means less free parameters that fit a slightly bigger dataset with a better normalized 2 
value, which we consider a clear prove of the usefulness of using the Ba2+ that has a 
stronger scattering power than Sr2+ in the X-ray regime. The only modification in the 
crystalline region is the small change in the tetrahedral rotation angle at the level of 
this layer: 0.9  0.5. Small enhancements of the vibration parameters of this layer are 
observed, but they stay at low, solidlike, values: ull=0.140.10 Å and u=0.150.10 Å.  
Table 2. The results of the muscovite mica – 10-2 M BaCl2 aqueous solution interface.  
Element 
z - height [Å] 
(w.r.t. c=2.25) 
Occupancy [%] 
(per cavity or 
surface unit cell) 
In-plane 
vibration (u) [Å] 
Out-of-plane 
vibration (u) [Å] 
Water layer III  9.6 ± 0.5 4.2 ± 0.5 H2O/s.u.c.    3.5 ± 0.5  
Water layer II 6.3 ± 0.4 34 ± 3 H2O/s.u.c.  14 ± 3 
Cl-cavity 
4.1 ± 0.3 
a = 0.2 ± 0.1  
20 ± 10 % / cav.  1.9 ± 0.3  0.15 ± 0.10 
Water layer I  4.0 ± 0.3 3.9 ± 0.5 H2O/s.u.c. 1.5 ± 0.3  2.7 ± 0.5  
Watercavity  
2.93 ± 0.2 
a = -0.05 ± 0.03  
36 ± 10 % / cav. 1.2 ± 0.2  0.20 ± 0.10  
Hydration ring 
1.39 ± 0.20  
R = 2.47 ± 0.3  
2.5 ± 0.5 H2O/s.u.c.  0.82 ± 0.10 0.26 ± 0.10 
Cavity 
Ba2+ 0.15 ± 0.10 
a = 0.03 ± 0.10 
20 ± 10 % / cav.  
0.29 ± 0.10  0.24 ± 0.10 
Water 80 ± 15 % / cav. 
Obulk-top Δ() = 0.9 ± 0.5 100 % (not fitted) 0.14 ± 0.10  0.15 ± 0.10  
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Figure 8. The side view of the muscovite mica – 10-2 M BaCl2 solution solid-liquid interface. The 
three regions considered here are shown together with the (0 0) – black and (1 1) – red Fourier 
components of the z-projected electron density (right side of the figure). The yellow shaded area 
represents the fixed crystalline region, where no fitting parameters were needed.  
The same artefact induced by the fitting program of increasing the occupancy of Ba2+ 
in the cavity above the expected 25% (which would perfectly compensate for the 
negative charges of the muscovite surface) is observed in this case as well. And, like in 
the previous sample case, the water allowed to be present in the cavity in order to 
avoid having empty cavities, is displaced to higher z-values from the surface. The final 
32 % occupancy for the Ba2+ is reinterpreted as about 20  10 % of Ba2+ and about 80 
 15 % of water in the cavities. This recalculation is based on the known 100% 
occupancy for the cavities in the given experimental conditions and on having water in 
contact with the muscovite surface although we cannot distinguish it from hydronium 
or hydroxyl. Following this reinterpretation, both entities present in this cavities (Ba2+ 
and water) have the same, undistinguishable, properties: z = 0.15  0.10 Å, ull = 0.29 
 0.10 Å and u = 0.24  0.10 Å.  
The entity in the surface cavity is surrounded by a hydration ring partly hydrating it at 
a height of z = 1.39  0.20 Å. It contains about 2.5 H2O molecules/surface unit cell 
and has an increased in-plane vibration parameter with respect to the layers below: ull 
= 0.82  0.10 Å. The out-of-plane vibration parameter is very similar to the Ba2+ or 
water in the cavity, u = 0.26  0.10 Å, showing a well-defined order in the normal to 
the surface direction for this layer. The next layer, watercavity, is the water initially 
located in the bottom part of the cavity, which was relocated by the fitting software at 
higher position: z = 2.93  0.20 Å. It occupies about 36  10 % of the cavities, 
although its total electron density should be considered together with the water layer I 
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located at z = 4.00  0.30 Å which appears as an exception to the general rule and 
expectation that further away from the surface a layer is located, the higher its 
vibration parameter is. This layer has, as one can see in the table, much bigger out-of-
plane vibration parameter that the layer on top of it. This means that the water layer I 
is only increasing the electron density in its neighborhood, having poor contribution 
to the local ordering. This increases the electron density of the layers on its both sides 
to values exceeding the normal water, leading to the image of a mixture of water and 
some electronically heavier elements in both of those layers: watercavity and Cl-cavity. 
There is very limited ordering of these layers in the lateral direction, as we can see in 
the values for the vibration parameters: ull = 1.2  0.2 Å for watercavity and ull = 1.9  
0.3 Å for the layer containing the negative Cl- ions. There is a strong ordering of these 
two layers in the out-of-plane direction, indicated by the small vibration parameter for 
this direction: u = 0.20  0.10 Å and u = 0.15  0.10 Å for the watercavity and Cl-cavity, 
respectively.  
The model is completed by the liquid region made of two water layers with very poor 
ordering in the out-of-plane direction and completely disordered in the lateral 
direction. Their apparently high occupancy should be interpreted in the framework of 
the strong correlation that exists between the occupancy parameter and the vibration 
parameter during the fitting procedure. The contribution of these two layers is only 
visible in the low 𝑙 regions of the specular rod and they build up the electron density 
similar to the one of the liquid water as visible in Figure 8.  
 
 
 
Figure 9. The specular rod data and best fit 
(solid line).  
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Figure 10. The best fit (solid line) 
and the measured crystal truncation 
rods for the muscovite mica - BaCl2 
solid-liquid interface.  
The typical coordination of the Ba2+ from the surface cavity is shown in Figure 11. A 
hydration shell that is smaller in radius than for the Sr-terminated sample and at 
higher z value is shared by the inner-shell hydration complex formed by Ba2+ and by 
the outer-shell hydration complex around the Cl- present in the vicinity of the surface. 
The mean distance from the Ba2+ to its hydration ring of 2.80 Å is much smaller than 
the hydrated radius of the Ba2+ ion (about 4.2 Å36). The relatively small distance that 
appears between the Ba2+ and Cl- is rather a distance between the planes including 
them since the layer including the Cl- and the water molecules has a high in-plane 
vibration parameter. All the coordination distances are suggesting a strongly distorted 
structure under the influence of the crystalline surface present nearby. Nevertheless, 
the values of these distances must be considered with caution due to the high in-plane 
vibration parameters of all the layers above the cations in the cavity and considering 
that with the X-ray diffraction experiment we see an averaged signal.  
 
 
Figure 11. The schematic of the coordination 
nature and distances of a typical Ba2+ occupied 
ditrigonal cavity. 
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5.3.5. Discussion  
Our SXRD study precisely determines the coordinates of the adsorbed Sr2+ and Ba2+ 
cations inside the surface ditrigonal cavities of muscovite mica. The previous XRR 
results were only sensitive to the out-of-plane positions of the atoms, ions and 
molecules populating the interface, even though they correctly assume the center of 
the ditrigonal cavities as the in-plane adsorption site. A small difference is observed in 
the adsorption heights of the two divalent ions investigated here: zSr = 0.04  0.10 Å 
and zBa = 0.15  0.10 Å (if we take the bulk K+ height as reference along the surface 
normal direction). This leads to the 1.74 Å and 1.85 Å height presented in Table 3, 
where the mean height of the topmost oxygen layer forming the cavity is used as 
reference point. These values for the out-of-plane relaxations of the two ions are in 
good agreement with each other (within the error bars) if we consider their ionic radii 
from Shannon35, irrespective the coordination number taken into account (rSr2+ varies 
between 1.18 Å and 1.44 Å for VI an XII coordination, respectively, while rBa2+ varies 
between 1.35 Å and 1.61 Å).  
Table 3. Comparison of the interface charged region with (the most) similar results found in the 
scientific literature.  
 1st e- density peak 2nd e- density peak 3rd e- density peak 4th e- density peak 
z [Å] Element  z [Å] Element z [Å] Element z [Å] Element 
Muscovite – 10-2 M 
SrCl2 sol. (this 
study) – SXRD  
1.74 Sr2+/ 
H2O 
2.60 H2O 4.75 Cl- 5.7 H2O 
Muscovite – 10-2 M 
Sr(NO3)2 sol. (Park 
2001) – RA-XRR  
2.58 Sr2+/ 
H2O 
4.85 Sr2+/ 
H2O 
9.35 H2O - - 
Muscovite – 10-2 M 
Sr(NO3)2 sol. (Park 
2001) – RA-XRR 
1.26 Sr2+ 4.52 Sr2+ - - - - 
Muscovite – 10-2 M 
BaCl2 sol. (this 
study) – SXRD  
1.85 Ba2+/ 
H2O 
3.10 H2O 4.65 H2O 5.75 Cl-/H2O 
Muscovite – 10-2 M 
BaCl2 sol. (Schlegel 
2006) – HR-XRR  
2.20 Ba2+/ 
H2O 
4.85 H2O 8.35 H2O - - 
Muscovite – 5 x 10-3 
M BaCl2 (Lee 2007) 
– XRR  
1.98 Ba2+/ 
H2O 
3.02 H2O 5.12 H2O 8.8 H2O 
The z – height is (re)calculated with respect to the mean height of topmost crystalline oxygen layer (by adding 
1.70 Å to the values given in the tables from the results). This translation is done for increasing the clarity of the 
comparison. XRR = X-ray reflectivity. RA-XRR = resonant anomalous XRR. HR-XRR = high resolution XRR.  
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Nevertheless, most of the relaxations are in good agreement with the ionic radius of 
the K+ ions they are replacing at the surface. Given by the same source, the K+ radius 
varies from 1.37 Å to 1.64 Å if coordination (IV) or (XII) is considered, respectively. 
Within our error bars, the position of Sr2+ is the same as that of the bulk K+ position, 
while we would expect an inwards relaxation of the Sr2+ based on the smaller radius.  
If we compare these results with the most similar results we find in the literature, 
significant differences are noticed. For the Sr-terminated muscovite we found the 
resonant anomalous X-ray reflectivity study of Park et al21. the most similar to our 
investigation in terms of experimental conditions. Their results are very different from 
what we obtained in terms of structural composition and layering. One of the most 
significant differences between the two studies is the adsorption of the Sr2+: their 
study is showing two adsorption heights, at 1.26 Å and at 4.52 Å, corresponding to 
inner- and outer-hydration shell around the adsorbed Sr2+, respectively. These heights 
are different from the position of the first and second total electron density peaks in 
their study: 2.58 Å and 4.85 Å. Although we tried several different models that include 
the two adsorption sites for Sr2+, at the end one of them was always vanishing by 
driving its occupancy to zero. The first adsorption site for Sr2+ in the mentioned 
report at z = 1.26 Å would imply a 0.44 Å inward relaxation of these ions with respect 
to the bulk K+ positions: more than two times the difference in ionic radii of K+ and 
Sr2+ 35.  
The difference in adsorption site or charge density modulation between the two 
studies is even more pronounced in the case of second and third electron density peak 
as visible in Table 3. In our SXRD study on muscovite in CsCl and RbBr aqueous 
solution28 we also obtained very different electron density modulation frequency than 
what similar XRR studies in literature were reporting. What is also very different in 
our SXRD study with respect to RA-XRR study is the evidence of negative ions in the 
transition layer from the highly ordered crystal and ditrigonal cavity entity to the 
completely disordered solution. Of course, some of the differences between the two 
studies might be caused by the different experimental details (different salt used for 
preparing the electrolyte solution, different quality of the muscovite mica etc.) but also 
the size and type of the datasets and the details of the analysis have to be considered.  
A visual aspect of the comparison between the z-projected electron densities for the 
Sr2+ and for Ba2+ adsorption on the muscovite mica is shown in Figure 12.  
While in the case of Sr-terminated muscovite the literature includes only a XRR study 
using different salt, for the Ba-terminated muscovite we found almost the same 
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experimental conditions: similar salt, similar concentrations. The comparison of our 
results with the two studies (HR-XRR of Schlegel and XRR of Lee) can be seen in the 
second part of Table 3 and in the bottom part of Figure 12. Beyond the very different 
results in terms of adsorption heights and species assigned to the z-projected electron 
densities shown in the figure, there seem to be a good agreement only for the first two 
adsorption heights of our study and the XRR investigation of Lee et al. If we look at 
the structural properties in the region where we have the 3rd and 4th electron density 
peak, all the three studies show very different results. Considering the sensitivity of the 
X-ray scattering to the electron densities and their lack of element specificity, it is 
difficult to find the most reliable results. Nevertheless, the big dataset we used in the 
surface X-ray diffraction experiment (one order of magnitude bigger than the XRR 
data sets) and the presence in this dataset of both specular and non-specular data, is an 
advantage in our analysis.  
  
Figure 12. The z-projected electron density as seen in the (00) rod of the muscovite - SrCl2 
solution interface and muscovite - BaCl2 solution interface and results from literature: resonant 
anomalous X-ray reflectivity (RA-XRR)21, high resolution XRR (HR-XRR)22 and XRR23.  
An ideal charge compensation would imply 25 % of the surface cavities occupied by a 
divalent ion. For the Sr2+ we found 24 % and for Ba2+ 20 %. These values are very 
close to what a perfectly charge compensated interface would have. We must notice 
here that there are also hydronium ions that may occur in the solution and are 
indistinguishable from the water molecules but they can contribute to the charge 
balance at the interface.  
The presence of negative ions at the interface should be considered as a longer 
residence time of these hydrated entities in the vicinity of the electrical double layer 
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built by the charged crystal surface and the partly hydrated adsorbed cation layer 
(more precisely a partial layer, depending on the charge of the ion involved).  
The distorted first coordination shell of the cations adsorbed in the surface cavities 
suggests the formation or presence at the interface of (SrCl)+ or (BaCl)+, but the 
surface X-ray diffraction method used here is not able to give clear evidence regarding 
this.  
5.4. Conclusions  
This study precisely determines the adsorption site for two divalent ions. The Sr2+ 
replaces the K+ at almost the same (bulk) height: z = 0.04  0.10 Å and the Ba2+ at z 
= 0.15  0.10 Å. Although the ionic radii of the two divalent ions are slightly smaller 
than the ionic radius of K+, their adsorption site is still at higher positions from the 
topmost crystalline oxygen layer, which could be caused by the (only) partial 
dehydration of the divalent ions during the adsorption/exchange process. The lateral 
position of the adsorbed ions is determined to be in the center of the ditrigonal 
surface cavities. We also find evidence of structuring of the hydration water at the 
interface.  
We find evidence for the co-adsorption of negative ions in the vicinity of the charge 
compensated interface, in some cases sharing part of its hydration sphere with the 
cation. The ordering in the solution is limited to less than 10 Å from the topmost 
oxygen layer of the crystalline muscovite.  
The use of the single terminated surface enables the acquisition of a large dataset with 
unique reflections containing both specular and non-specular crystal truncation rod 
data. This helps distinguishing the out-of-plane ordering from the ordering in the 
lateral direction, while limiting the number of free parameters used for data analysis. 
There is an important enhancement of the surface sensitivity due to the presence of 
the (relatively) heavy elements (Ba2+ and Sr2+) at the interface. There is only limited 
agreement between our surface X-ray diffraction results and other X-ray reflectivity 
results reported in literature.  
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Summary  
 
Solid-liquid interfaces are hosting many important physical and chemical phenomena 
occurring in nature. The transport and mobility of cations and anions dissolved in 
aqueous solutions are influenced by the minerals the solution comes in contact with. 
This thesis is using muscovite mica as a model mineral surface in contact with water 
and different ionic aqueous solutions in order to determine the structure of these 
solid-liquid interfaces at the atomic scale. Surface X-ray diffraction is used for our 
study; this is a powerful technique for the structure determination of surfaces and 
interfaces. State-of-the art surface X-ray diffraction measurements, including both 
specular and non-specular crystal truncation rods, were performed on muscovite mica 
that was especially prepared to have only one of the two possible surface terminations. 
Data sets containing more than 2000 unique reflections were measured for each 
sample, which means a significant improvement in terms of dataset size with respect 
to other similar studies limited to specular reflectivity curves. This improvement was 
possible thanks to the use of area detectors.  
The third chapter describes the surface structure of muscovite in 56 mM CsCl 
solution and in 11 mM RbBr solution. The use of the heavy monovalent cations of 
Cs+ and Rb+ enhances the surface sensitivity and the results show that the ions replace 
the surface K+ ions and an out-of-plane relaxation of these ions with respect to the 
bulk muscovite crystal position of K+ that depends on the ionic radius. Both cations 
are located on the top of the center of the ditrigonal surface cavities and are 
compensating (within the error bars) for the muscovite surface charge. The adsorbed 
cations are forming inner-hydration complexes. The negatively charged ions, naturally 
present in the solution, are forming outer-hydration complexes and they are present 
with higher probability in the vicinity of the interface than in solution. The surface 
induced lateral ordering of the liquid phase is limited to the first 2-3 Å of the solution, 
while in the out-of-plane direction the ordering is visible up to about 10 Å.  
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With respect to Cs+ and Rb+, the detection of the much lighter K+ ion is more 
difficult. The experimental conditions for the muscovite mica – water and muscovite 
mica – 10-4  M aqueous KOH solution were carefully selected in order to limit the 
amount of hydronium ions we can have in the liquid phase. As described in chapter 
four, the results for both conditions, show the presence of unrelaxed surface 
potassium cations. The surface charge of the freshly cleaved muscovite is fully 
compensated in water environment, while the presence of low concentration KOH 
solution leads to overcompensation of these charges. There is strong evidence of 
inner-hydration complex formed by the surface ions. The ordering in the lateral 
direction is restricted to the first two interface atomic layers from the topmost 
crystalline oxygen (forming the surface cavities). In the out-of-plane direction there is 
a decreasing level of ordering as we go further away the surface and the ordering is 
limited to the first 10 Å.  
The structure of the solid-liquid interface formed by muscovite mica in contact with 
aqueous solution of divalent ions is presented in the fifth chapter. SrCl2 and BaCl2 
salts were used to prepare 10-2 M aqueous solutions. Like in the case of the 
monovalent ions, the compensation for the surface charges resulting after the cleavage 
of muscovite is the main mechanism in the adsorption process of the cations. 
Although these divalent ions have smaller ionic and covalent radii than the K+ they 
are replacing, they still show out-of-plane relaxations, likely due to their relatively 
strong and well-defined inner-hydration shell. Clear evidence for the presence of 
negative ions, forming outer-hydration complexes in the vicinity of the interface, was 
found. The coordination distance at the interface suggests the presence at the surface 
of SrCl+ or BaCl+, but using surface X-ray diffraction is difficult to distinguish these 
from the charge neutral salts of SrCl2 or BaCl2.  
 
 
 
Samenvatting  
 
De grenslaag tussen een vaste stof en een vloeistof is de plek waar in de natuur veel 
belangrijke fysische en chemische processen plaatsvinden. Het transport en de 
mobiliteit van kationen en anionen die zijn opgelost in waterige oplossingen worden 
beïnvloed door de mineraaloppervlakken waarmee zij in aanraking zijn. In dit 
proefschrift wordt Moskoviet, een mica mineraal, gebruikt als modelsysteem voor een 
mineraaloppervlak dat in aanraking is met water en met diverse ionogene waterige 
oplossingen. Het doel is de structuur van het grensvlak te bepalen met atomaire 
resolutie. Voor deze studie wordt oppervlakte röntgendiffractie gebruikt, een zeer 
krachtige techniek voor de structuurbepaling van oppervlakken en grensvlakken. 
State-of-the-art metingen, inclusief speculaire en niet-speculaire reflecties, zijn 
uitgevoerd aan Moskoviet oppervlakken die een speciale preparatie hadden ondergaan, 
zodat ze slechts één van de twee mogelijk terminaties hadden. Een dataset voor één 
preparaat heeft steeds ruim 2000 unieke reflecties, wat een significante verbetering is 
ten opzichte van soortgelijke studies die zich tot de speculaire reflecties beperkten. 
Deze verbetering was mogelijk dankzij het gebruik van röntgendetectoren met 
tweedimensionale plaatsresolutie. 
Hoofdstuk drie beschrijft de grensvlakstructuur van Moskoviet in een oplossing van 
56 mM CsCl en in 11 mM RbBr. Het gebruik van de zware, monovalente kationen 
Cs+ en Rb+ verhoogt de oppervlaktegevoeligheid. Uit de resultaten blijkt dat deze 
ionen het K+ aan het oppervlak vervangen en t.o.v. de positie van de K+ ionen een 
relaxatie naar buiten vertonen die afhangt van de ionstraal. Beide kationen bevinden 
zich het midden van de dubbel-driehoekige gaten aan het oppervlak. Binnen de 
meetfout compenseren ze de lading aan het Moskoviet oppervlak. De geabsorbeerde 
ionen vormen een inwendige-hydratieschil. De negatieve ionen die ook in de 
oplossing aanwezig zijn, vormen ook hydratieschillen en worden met iets hogere 
waarschijnlijkheid in de buurt van het oppervlak aangetroffen dan in de rest van de 
oplossing. In de eerste 2-3 Å van de oplossing is de vloeistof lateraal geordend dankzij 
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de interactie met het kristaloppervlak. In de loodrechte richting is er ordening 
zichtbaar tot een afstand van ongeveer 10 Å. 
In vergelijking met Cs+ en Rb+ is het waarnemen van het lichtere ion K+ veel 
moeilijker. De experimentele condities, namelijk puur water of 10-4 M KOH oplossing 
in contact met Moskoviet mica, zijn zodanig gekozen dat de hoeveelheid H3O+ 
minimaal is. Zoals beschreven in hoofdstuk vier, blijkt voor beide omstandigheden het 
K+ niet te relaxeren. De oppervlaktelading van een gekliefd Moskoviet oppervlak 
wordt volledig gecompenseerd in schoon water, maar wordt overgecompenseerd in 
aanwezigheid van een oplossing met een lage concentratie KOH. Er worden sterke 
aanwijzingen gevonden voor inwendige-hydratieschillen rond de ionen aan het 
oppervlak. De vloeistofordening in de laterale richting is beperkt tot de eerste twee 
vloeistoflagen. In de loodrechte richting neemt de ordening snel af en is afwezig voor 
afstanden groter dan 10 Å. 
De structuur van het grensvlak van Moskoviet in contact met waterige oplossingen 
met divalente ionen wordt beschreven in hoofdstuk vijf. Zouten van SrCl2 en BaCl2 
zijn gebruikt om waterige oplossingen te maken met een concentratie van 10-2 M. 
Analoog aan de situatie voor monovalente ionen, is het hoofdmechanisme voor de 
adsorptie van deze kationen de compensatie van de lading aan het gekliefde 
Moskoviet oppervlak. Ondanks het feit dat deze divalente ionen een kleinere straal 
hebben dan de K+ ionen waarmee ze uitgewisseld zijn, vertonen ze toch een naar 
buiten gerichte relaxatie. Dit komt waarschijnlijk omdat ze een goed gedefinieerde, 
inwendige hydratieschil hebben. Duidelijk bewijs is gevonden voor de aanwezigheid 
van negatieve ionen die hydratie-complexen vormen in de buurt van het grensvlak. De 
afstanden tussen de diverse ionen aan het grensvlak suggeren de aanwezigheid van 
SrCl+ en BaCl+, maar het is moeilijk om dit te onderscheiden van ladingsneutrale 
zouten van SrCl2 en BaCl2 met de gebruikte techniek van oppervlakte 
röntgendiffractie. 
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